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Oceanic interfaces:  Investigations of biogeochemical changes 
across nutriclines and frontal boundaries 
Lori R. Adornato 
Abstract 
 Biogeochemical changes across oceanic interfaces, and method 
development to study such changes, are described in this work.  The interfaces 
studied include the Subtropical Front in the Pacific Ocean and the boundary at the 
base of the euphotic zone.  Both interfaces are characterized by accumulations of 
phytoplankton, although the forcing functions that result in increased biomass are 
distinctly different. 
The Subtropical Front, located at approximately 30° N in the Pacific 
Ocean, was detected during a cruise in the summer of 2002 by its diagnostic 34.8 
salinity outcrop, in spite of the absence of its associated temperature signature.  
The front displayed elevated concentrations of large diatoms; Rhizosolenia and 
Hemiaulus, with concentrations penetrating deeper in the water column south of 
the front.  Rhizosolenia species were dominant on the warmer, high salinity side 
of the front, while Hemiaulus prevailed on the cooler, low salinity side.  While 
high cell counts were enumerated by net tows, the elevated biomass was not 
visible in satellite color imagery.  Size fractionated chlorophyll data revealed > 10 
  ix
μm cells were found below 200 m, indicating export of large cells out of the 
euphotic zone.  This confirms observations by other investigators that fronts 
represent important regions of episodic export, although such export may go 
undetected if the biomass is not visible in ocean color images. 
Another region of interest was the narrow layer at the base of the euphotic 
zone.  During stratified conditions, the layer was characterized by a fluorescence 
maximum, a primary nitrite maximum, and a nutricline.  While fluorescence 
maxima have proven easy to detect using commercial fluorometers, nutrient 
distributions have proven more difficult.  The Spectrophotometric Elemental 
Analysis System (SEAS) permitted detection of low concentrations of nitrite, 
nitrate, and phosphate with nanomolar sensitivity and 1 Hz or better sampling 
frequency.  Using multiple wavelength spectroscopy, the range of nitrate 
concentrations from 2 nM to 20 μM have been detected.  Profiles of nitrite 
obtained across the North Pacific Subtropical Gyre revealed the close correlation 
between nitrite and chlorophyll fluorescence maxima, suggesting that the nitrite 
maximum is formed by phytoplankton when insufficient light is available to 
permit reduction of nitrite to ammonia.   
  1
1 Introduction 
 
 
 Oceanic interfaces, defined for this work as narrow regions with abrupt 
changes in seawater properties, provide biological niches which can be exploited 
by a variety of organisms.  Such interfaces can be caused by changes in salinity, 
temperature, density, chemical gradients, or light.  The two explored in this work 
are (1) the North Pacific Subtropical Front, characterized in the summer by an 
abrupt change in salinity; and (2) the base of the euphotic zone, characterized 
generally by light limitation, a nutricline, and a pycnocline.   
1.1 Subtropical Front 
 The Subtropical Front spans the central north Pacific at approximately 30º 
N.  In the winter months, the front is characterized by 34.8 salinity and 18º C 
(Roden, 1980) (or 17º C (Seki et al., 2002)) temperature outcrops, but in summer 
months the 18º C temperature outcrop migrates ~10º latitude to the north.  The 
Transition Zone Chlorophyll Front (TZCF), defined as the edge between low 
chlorophyll (<0.15 mg/m3) surface waters and the 0.2 mg/m3 chlorophyll surface 
signature (Polovina et al., 2001) tends to occur at approximately the same latitude 
as the 18ºC outcrop and migrates seasonally as well.  Other semi-permanent fronts 
in the region include the South Subtropical Front (35 salinity and 20º C winter 
 outcrops, ~28ºN) (Seki et al., 2002) and the Northern Subtropical Front (34.4-34.5 
salinity and 16º C winter outcrops, ~34ºN (Lynn, 1986).  North of the transition 
zone lies the Subarctic Front which can be determined by the southern extent of 
the 33.8 surface isohaline  (Lynn, 1986).  In the absence of satellite-visible 
surface temperature or chlorophyll signatures, summer front locations must be 
determined using in situ techniques.    
Subtropical Front
North Subtropical Front
Subarctic Front
 
Figure 1.1  Map of Eastern Central North Pacific showing general locations of 
the Subarctic, North Subtropical, and Subtropical Fronts (Lynn, 1986). 
 
 While a general location for a front can be determined, the actual structure 
can be very dynamic.  Eddies, meanders and jets typify frontal boundaries (Kase 
and Siedler, 1982).  In the northern hemisphere, cyclonic eddies are generally 
found to the north of the front and anticyclonic eddies to the south (Roden, 1981).  
The temperature/salinity structure across the Subtropical Front is often almost 
completely density compensated (Rudnick and Ferrari, 1999).    
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 Intensification and weakening of frontal boundaries (frontogenesis and 
frontolysis) occur on time scales of ~30 days which provides sufficient time for 
biological response (Olson et al., 1994).  Increased productivity can occur when 
phytoplankton and nutrients are upwelled into areas of increased light intensities.   
1.2 Euphotic Zone 
The euphotic zone is defined as the region between the water surface and 
the depth of the 1% surface light level.  Because this value does not take into 
account the amount of light actually reaching phytoplankton in the water column 
(see Banse, 2004), it can only represent an estimate based on water clarity.  On a 
cloudy day, for instance, the euphotic zone may be much shallower than the 1% 
light level; or much deeper if 1% incident light is much greater than the 
compensation depth.   
Depth
Nutrient Concentration    (NO3-, PO43-)
Euphotic Zone
Nutricline
1% Light Level
 
Figure 1.2.  Diagram of euphotic zone showing depth of 1% light level and the 
location of the nutricline. 
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For the purpose of this discussion, the base of the euphotic zone is assumed 
to occur over the range of depths encompassing the deep chlorophyll maximum 
and the nutricline in stratified waters.  Both of these phenomena are thought to be 
light-related.   
In the spring, increased insolation spurs the spring bloom, since winter 
mixing introduces nutrients to the upper water column.  During the summer 
months, as upper euphotic zone nutrients are depleted and the water column 
becomes stratified, near-surface chlorophyll concentrations drop to very low 
levels (< 0.15 mg/m3).  The summer chlorophyll maximum then occurs at the top 
of the nutricline, which is often located near the 1% light level and the 
pycnocline.   
The deep chlorophyll maximum (DCM) is comprised primarily of 
phytoplankton adapted to low light levels (Fennel and Boss, 2003; Letelier et al., 
1993).  In the oligotrophic open ocean, phytoplankton community structure is 
dominated by the pico size fraction (0.2 – 2 μm), since their high surface to 
volume ratio provides an advantage under low nutrient conditions.  The dominant 
phytoplankton genus in the oligotrophic North Pacific Subtropical Gyre is 
Prochlorococcus, with the water column partitioned between low-light and high-
light species (Moore et al., 2002).  The DCM is also comprised of a variety of 
picoeucaryotes, although their size makes them extremely difficult, if not 
impossible, to identify to the species level (Campbell et al., 1997). 
Depth distributions of chlorophyll are typically determined by collecting 
discrete seawater samples via a ship’s rosette, filtering the samples, extracting the 
  5
pigment, and determining the chlorophyll concentrations using fluorometry.   
The values are plotted against depth to form a profile.  As with any other method 
utilizing discrete bottle samples, the resolution is limited by the number of bottles 
on the rosette.   In situ fluorometers provide another tool for determining the 
depth of the DCM, but the fluorescence maximum and the extracted chlorophyll 
maximum often occur slightly apart, with the chlorophyll maximum slightly 
shoaler in the water column.  In addition, fluorescence profiles obtained during 
daylight hours are affected by sun-induced quenching of near-surface 
fluorescence (Kolber and Falkowski, 1993).  Nevertheless, these effects are well-
documented and fluorometers provide profiles with much higher resolution than 
can be obtained with bottle samples. 
While the DCM suggests a phytoplankton biomass maximum, this is not 
necessarily the case.  Phytoplankton residing near the surface do not require as 
much chlorophyll as those living deeper in the water column, so the chlorophyll 
content per cell changes with depth (Falkowski and Owens, 1980).  This proves 
particularly troublesome with the pico size-fraction, and Prochlorococcus in 
particular (Monger and Landry, 1993).  The near-surface population of 
Prochlorococcus is often counted as bacteria.   
Transmissometers can aid in determining the depth distribution of 
microscopic organisms, however they cannot distinguish between bacteria, 
phytoplankton, small heterotrophs, and detrital particulate organic carbon.  
Because of the high ratio of phytoplankton relative to grazers, and because the 
vertical distribution of bacteria tends to be somewhat constant in the euphotic 
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zone, transmissometer data can provide clues to the distribution of phytoplankton 
populations.   
Another feature commonly found near the DCM is the primary nitrite 
maximum.  Nitrite represents an intermediate species in the oxidation-reduction 
cycle between nitrate and ammonia.  Nitrate levels are often below the detection 
limits of standard spectrophotometric systems in the euphotic zone, but quickly 
rise to micromolar levels at the nitracline below the DCM.  Nitrite concentrations 
are similarly depleted in near-surface waters, but rise to a narrow spike just below 
the nitracline.  Study of nitrite concentration changes versus depth and time have 
been hampered by discrete sampling strategies and the high detection limits of 
standard spectrophotometric systems.  Use of in situ long pathlength spectrometry 
has provided a means to study nutrient dynamics in the oceanic water column. 
1.3 SEAS Instrument 
The first Spectrophotometric Elemental Analysis System (SEAS) was 
designed as a single reagent in situ nutrient analyzer (Byrne et al., 2000; 
Waterbury et al., 1998).   It provided distinct advantages over other nutrient 
sensors because of its sensitivity, multiple wavelength capability, and depth 
rating.   Spectrophotometry is based on the reaction of essentially clear, colorless 
reagents with a specific analyte in solution.  The colored product of the reaction 
absorbs light over a known range of wavelengths and this absorbance is directly 
proportional to the concentration of the analyte in solution.  Some reagents do 
absorb in the visible region, and such absorbance can result in elevated baseline 
 measurements, termed the reagent blank.  This blank, if well-characterized, can be 
subtracted from the apparent analyte concentration without serious consequence, 
but this is often difficult to achieve. 
 
Figure 1.3.  3-D diagram of SEAS I. 
 
Spectrophotometry relies on the relationship established in the Beer 
Lambert Law,   
A = εbc,  Equation 1.1  
where A is the wavelength dependent absorbance, ε is the molar absorptivity (M-
1cm-1),  b is pathlength (cm), and c is analyte concentration (M).  Standard 
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spectrophotometric systems use a 1 – 10 cm pathlength, providing a detection 
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ell 
terface, 
  1.2 
1 e ind veguide 
ce 
greater than the critical angle.  Light introduced at the critical angle propagates 
t 
limit on the order of 0.05 – 1.0 μM, depending on the molar absorptivity of the
product.  SEAS provides lower detection limits because it uses a novel optical c
(0.040” o.d. x 0.032” i.d.) made of a flexible fluoropolymer (Teflon AF 2400) 
with a refractive index (1.29) less than water (1.33) and seawater (1.34).   The 
lower index of refraction permits the Teflon tube to perform as a liquid core 
waveguide, with water acting as the core (Fig. 1.2).   
Snell’s Law describes refraction through an in
n1 sin θ1 = n2 sin θ2     Equation 
where n  and n2 are the refractiv ices of the two media (i.e. wa
material and liquid), and θ1 and θ2 are the angles of light relative to the surfa
normal (Fig. 1.2).   
 
Figure 1.4.  Total internal reflection occurs when light is introduced at an angle 
down the waveguide/water interface, and light at less than the critical angle is los
from the system.   
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hen the equation is rearranged and solved for θ2,  W
⎥⎤⎢⎡= − 1112 sinsin n θθ  ,  ⎦⎣ 2n Equation 1.3 
the angle of refraction through the second m  value in the 
an θc 
 
90º and
edium is valid when the
parentheses is equal to or less than one.  The critical angle, θc, is the angle of 
incidence (θ1) for which the value in the parentheses equals one, whereby θ2 
equals 90º.  Thus, light introduced at the critical angle is refracted to travel 
parallel to the waveguide/water interface.  Light incident at angles greater th
will experience total internal reflection and will propagate solely in the liquid 
core.  Light incident at angles less than θc will be refracted into the tube wall. 
The value for the critical angle can be determined by setting θ2 equal to
 solving for θ1: 
Csin =θ
1
2
n
n
   Equation 1.4 
In the case of water-filled  less than 15º 
d 
the 
ty), 
 
waveguide, light introduced at an angle
relative to the water/waveguide interface (or greater than 75º relative to the 
normal) is totally internally reflected.  Using the refractive index values liste
above, the critical angle for the waveguide/water system is 75.9º and for 
waveguide/seawater is 74.3º.  However, due to uncertainty that exists for 
refractive index values (e.g. the refractive index of seawater depends on salini
an approximate value of 75º is used throughout this manuscript.   
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 As an added complexity, differences occur between use of the waveguide 
in air and in water.  This is because the refractive index of the material external to 
the waveguide affects the fate of light that passes through the waveguide material.  
When the waveguide is used in air, the refractive index of air (1.0, which is lower 
than that of the waveguide material) can cause total internal reflection at the 
waveguide/air interface.  This reflected light can re-enter the waveguide core and 
actually reach the detector at the end of the waveguide.  Since this light has not 
traveled solely through the liquid core, its attenuation is distinct from that of the 
liquid, providing an error on the overall absorption measurement.  However, this 
error is only problematic when absorbance values associated with chemical 
concentration becomes very low.  In situ, the waveguide is surrounded by water 
and any light that is refracted into the waveguide is subsequently refracted into 
the water and lost to the system, thus eliminating this source of error. 
Another effect that can alter the absorbance signal is the loss of light due 
to scattering.  This is most apparent when particulates are present in a water 
sample.   High turbidity samples, for instance, can cause partial or total 
attenuation of the signal.  While inlet filters may be used, they tend to clog over 
time, resulting in a reduction of sample flow.  When this occurs, the sample to 
reagent ratio changes and system calibrations are altered.  SEAS is therefore best 
suited for limpid limnological systems and the oligotrophic open ocean. 
 The spectrometer used in the SEAS instrument provides the capability to 
monitor multiple wavelengths anywhere from 350 – 850 nm.  This provides two 
main benefits.  The first is the ability to monitor a non-absorbing wavelength.  
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Since most colored products absorb over a known and limited range of 
wavelengths, there may exist a range of wavelengths that are unaffected
chemical reactions.  Such wavelengths can be monitored for changes in cell 
performance to make appropriate corrections to concentration calculations.  
Absorbance changes from such sources can be removed from sample absorba
calculations as follows, 
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where λ1 is the sample wavelength and λ2 is the non-absorbing wavelength.  The 
ity 
e 
 
rometer is the ability to 
perform multiple wavelength spectroscopy.  Depending on the absorbance 
dark value (Idark) is a measurement from a detector element, masked from all 
sources of light, which represents background electrical noise.  I0 is the intens
without reagent (reference intensity), and I is the intensity with reagent (sample 
intensity) of the various wavelengths monitored.  The first term represents the 
absorbance measured at the sample wavelength and the second is the absorbanc
measured at the nonabsorbing wavelength.  This second term is an effective 
absorbance related to changes in intensity from sources unrelated to analyte 
absorbance.  Possible sources include air bubbles, lamp drift, inherent optical
properties of the sample solution, and physical effects that can change the 
efficiency of light propagation through the waveguide. 
The second advantage of a broad-spectrum spect
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 motors were operational.  
as 
in pressure housings.  The individual pump pressure housings 
ere fi  
m of a given colored product, there exists a range of wavelength-
dependent molar absorptivities that can be used when various wavelengths 
monitored.  In the case of the azo dye formed in nitrate analysis, the mola
absorptivities vary by orders of magnitude.  When multiple wavelengths are 
monitored concurrently, the linear dynamic range of the system can be exten
 Although the pressure housing was rated to 500 meters, SEAS I provi
reliable data to approximately 200 meters depth.  The primary source of difficulty 
in the SEAS I system was the pump configuration.  The main pump tended to lose
torque under the pressures experienced below 200 meters.  This resulted in either 
reduced pump speed or stoppage at depth.  Fewer problems were experienced 
with the stepper motor used for the dye pump.   
 The other difficulty associated with the pumps was the possibility of 
seawater leakage along the pump shafts when the
Because the pump assemblies penetrated into the main pressure housing, the 
possibility of catastrophic failure was always a concern.  While every effort w
made to avoid such events, the occurrence of leakage was frequent enough to 
require a solution. 
 Reconfiguration of the instrument (SEAS II) resulted in separation of 
pumps from the ma
w lled with oil to reduce the pressure differential between the ambient and
the internal chamber.  This solution has proven less satisfactory than anticipated, 
and a move towards a system where the pump shaft does not penetrate into the 
pressure housing is underway. 
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grated battery housing, a heater cartridge, valves 
ed 
blished as a single 
 
er 
e 
cts are two-fold.  The first effect is 
. 
 Additional improvements included connectivity to auxiliary instruments
improved user interface, an inte
and the ability to use multiple pumps.  The ability to use SEAS II to collect data 
from a suite of peripheral instruments streamlined post-cruise data analysis since 
auxiliary data could be collected on the same cast as the SEAS instrument.  In 
prior instances, data had to be adjusted for differences in water column hydrology 
between casts.  The ability to select peripheral instruments from a list has allow
the collection of high-resolution custom-designed data sets. 
 The other main advantage of SEAS II is the capability of quickly and 
easily changing instrument configurations.  SEAS I was esta
analyte system.  SEAS II was designed for ease in programmability.  This was
accomplished by creating a list of user commands so that the user could create 
and store a variety of methods.  During sea trials, if one instrument failed, anoth
could quickly be converted to measure the analyte of interest without opening th
pressure vessel or replacing electronic boards. 
 Another consequence of deep water sampling is the range of temperatures 
experienced over the course of a cast.  The effe
that of reduced temperature on the instrument itself.  Any defect in the electronics 
of the instrument is exacerbated by a reduction in temperature.  This has been 
observed in improperly soldered pins and the fit of an incompatible connector.  
Both operate well under room temperature conditions but lose electronic 
connectivity when the metal pins contract under low temperature conditions. 
Diagnosing such problems is difficult because they do not occur in the lab
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 Particularly, the earliest version of SEAS is discussed in 
Chapte
The second effect is that of reduced temperature on reaction chemistry
is common for reaction kinetics to change as a function of temperature.  
lly, reactions slow as temperatures drop.  Another effect is the solubility of 
reagent components under various temperature and salinity conditions.  B
effects can drastically alter the apparent concentration of the analyte of interest.  
The addition of a heater unit provided a solution to the issues of reaction kinet
and reagent solubility. 
Further details regarding SEAS configurations and uses are described in 
the following chapters. 
r 2 and the reconfigured version, SEAS II, is described in Chapter 4.  
Nutrient chemistries successfully adapted to in situ SEAS analyses are presented 
in these chapters as well as in the appendices. 
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2 Continuous in-situ determinations of nitrite at nanomolar concentrations 
The following chapter has been peer-reviewed and published essentially in this 
form: Adornato, L.R.; Kaltenbacher, E.A.; Villareal, T.A.; and Byrne, R.H. 
(2005) Deep-Sea Research I 52, 543-551 
2.1 Abstract 
 Sharp gradients of chemical distributions in the nutricline are poorly 
resolved via conventional sampling techniques.  Resolution of the fine structure of 
chemical distributions in the water column requires the use of in situ procedures.  
We describe here a high-resolution method for the measurement of nitrite 
concentrations in the upper 200 meters of the water column.  A long-pathlength 
Teflon AF-2400 liquid core waveguide provides the low nanomolar detection 
limits required for observations of nitrite in near-surface waters.  Our 
spectrophotometric elemental analysis system (SEAS) has a two second sampling 
period.  Coupled with an 11 cm/s descent rate, SEAS is able to accurately identify 
the depth of the primary nitrite maximum and provide a detailed inventory for 
nitrite in the upper ocean. 
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2.2 Introduction 
 
 Recent investigations of phytoplankton niche partitioning and thin layer 
formation have changed the requirements of the oceanographic community with 
regard to measurement of chemical distributions in the water column.  Many 
phytoplankton species thrive in narrow environments defined by factors such as 
light level, nutrient availability, temperature, and physical forcing (Cavender-
Bares et al., 2001; Dekshenieks et al., 2001; DuRand et al., 2001; Franks, 1995; 
Riegman and Kraay, 2001).  Genomic studies of the related genera 
Synechococcus and Prochlorococcus reveal very different mechanisms for the 
transport and usage of nutrients, reflecting adaptation to specific niches found in 
the euphotic zone (Rocap et al., 2003).  In conjunction with studies of microbial 
distributions, it is also critical to understand both the detailed water column 
chemical distributions that favor the dominance of certain species and the effect 
of organisms on these distributions.   Optimally, a suite of instruments collecting 
chemical profiles would serve this purpose, however, only dissolved oxygen is 
routinely monitored in situ.   
Standard sampling protocols require water collection at discrete depths, 
and analysis of casts that typically contain from 12 to 36 samples spanning 
several hundred to several thousand meters. While some shipboard nutrient 
analyses are prompt, a great deal of sample processing occurs either post-cruise or 
on a time scale that precludes further adaptive on-site investigation.  Once the 
samples are analyzed, concentrations are plotted against depth, and profiles are 
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generated by linear interpolation.   While this method provides general 
assessments of chemical gradients at the nutricline, it cannot resolve important 
small-scale variations in chemical distributions that are required to more fully 
understand phytoplankton community structure. 
Characterization of nitrite distributions in the upper ocean is particularly 
challenging.  Except for a narrow concentration spike at the base of the euphotic 
zone, nitrite is generally present at low nanomolar levels.   As a result, the 
distribution of nitrite obtained using standard sampling techniques is coarsely 
represented (Fig. 2.1).  Furthermore, using conventional spectrophotometric 
procedures, wherein pathlengths are less than or equal to 10 cm, near surface 
concentrations are often undetectable (Fig. 2.1). 
 Methods for the determination of nitrogen species at low nanomolar 
concentrations have been developed only recently (Dore and Karl, 1996b; 
Garside, 1982; Yao et al., 1998).  While desktop chemiluminescence analysis and 
long-pathlength spectrometry provide the required sensitivity for observations of 
low nutrient concentrations, characterizations of nutrient distributions are still 
limited by sample collection methodology (Dore and Karl, 1996b).  In addition, 
nitrite can oxidize to nitrate over time, so analyses should either be conducted in 
situ or as soon as possible after sampling (Goyal and Hafez, 1995; van Standen et 
al., 1996).  
 
  
Figure 2.1.  Profiles obtained on WOCE transect p03hy provided general upper 
and lower bounds for the depth of the PNM.  Standard spectrophotometric 
methods precluded measurement of low nanomolar concentrations in the upper 
water column. 
 
Steimle et al. (2002) described an in situ, long-pathlength, 
Spectrophotometric Elemental Analysis System (SEAS) capable of real-time 
nitrite analysis at nanomolar levels.  Data acquisition was fast, simple, and free 
from the nitrox gas contamination susceptibility that often troubles laboratory 
analyses of nitrogen species at low nanomolar concentrations.  In its initial 
configuration, the instrument was deployed at a number of depths, where it 
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flushed itself with ambient seawater, collected dark and reference spectra, added 
colorimetric reagent, allowed 120 s for color development, and collected five 
absorbance spectra.  The data were uploaded post-cast and the apparent 
concentrations were determined based on a stopped-flow calibration line.  
Although this process produced prompt results with excellent detection limits, the 
profile suffered from the same dearth of data as previous methods. 
 Johnson et al. (1986, 1989) developed an in situ spectrophotometric 
instrument capable of continuous analysis of various ionic species in seawater.  
While the method provided the data density required to determine detailed 
nutrient distributions, the detection limit of 0.1 μM precluded detection of the low 
nanomolar nitrite concentrations typically found in oligotrophic waters. 
 We present here an alternative measurement procedure that provides a 
much more thorough characterization of nitrite distributions in the upper 200 
meters of the water column.   This method is applicable to any flow injection 
colorimetric analysis, as long as significant color development occurs within 
several minutes.  Whether or not this requirement is met for a given analyte is a 
function of both the analyte’s in situ concentration and the inherent reaction 
kinetics of colored species formation. 
  
Figure 2.2.  Geographic locations of SEAS casts during the RoMP 2002 cruise 
between June 20 and July 16, 2002 on the R./V. Melville. 
2.3 Methods 
Nitrite profiles were obtained at various stations along a transect on the 
R./V. Melville during the Rhizosolenia Mats in the Pacific (RoMP) 2002 cruise 
(June 20 to July 16, 2002) in the North Pacific Subtropical Gyre (NPSG) (Fig. 
2.2).  Independent conductivity, temperature, salinity, and fluorescence 
measurements were obtained using a Sea-Bird SBE9 attached to the ship’s rosette.   
PAR Sensors, models QSP-200L and QSR 240L, provided photosynthetically 
active radiance (PAR) profiles on rosette casts.  Location of the deep chlorophyll 
maximum (DCM) was determined from the fluorescence signal, and verified by 
chlorophyll a measurements.     
 
Except as noted, reagent and standard preparation procedures followed 
those previously described by Steimle et al. (after Grasshoff, 1983).  Initial 
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standard dilutions were prepared with Nanopure Infinity Ultrapure system water 
(17.8-18.2 MΩ), and calibration standards were made using uncontaminated 
seawater from the shipboard flow-through system.  A 10.0 mM nitrite standard 
was prepared by dissolving 0.345g of NaNO2 in 500ml of deionized water.  A 
pellet of NaOH was added to avoid production of nitrous acid, and 1 ml of 
chloroform was added as a preservative.  The solution was refrigerated (t = 4°C) 
in a brown glass bottle.  A 2 μΜ nitrite standard was prepared by dilution prior to 
each calibration.  Calibration standards, prepared by spiking nitrite-depleted 
surface seawater to 25, 50, 75, 100, and 150 nM nitrite concentrations, were run 
immediately after preparation.  Deionized water and surface seawater blanks, run 
prior to each calibration, were indistinguishable.  Surface seawater nitrite 
concentrations were consistently below the 1 nM detection limit, defined as three 
times the standard deviation of the blank signal.  Standards were analyzed at 
surface seawater temperatures, which averaged 23.4 ± 1.5°C in the gyre and 18.8 
± 0.4°C in the California Current.  The minor influence of temperature on nitrite 
measurements is discussed in the results section. 
The analyses utilized the Griess method, in which nitrite reacts with 
sulfanilamide to form a diazonium ion, which subsequently reacts with N(1-
naphthyl)ethylenediamine, dihydrochloride (NED) to form a pink azo dye 
(maximum absorbance at 541 nm) (Fox, 1979).   A 5:1 ratio of sulfanilamide to 
NED was selected for the color reagent solution.  Transmitted light at a non-
absorbing wavelength (700 nm) was monitored to reduce potential error created 
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by lamp intensity fluctuations or changes in optical cell performance.   Due to the 
relationship between concentration and pathlength in the Beer-Lambert Law, 
A = εbc,  Equation 2.1 
where A is the wavelength dependent absorbance, ε is the molar absorptivity (M-
1cm-1),  b is pathlength (cm), and c is analyte concentration (M); the 97 cm 
pathlength used for this analysis extended the detection limit by an order of 
magnitude compared to a standard 10 cm spectrophotometric cell.   The detection 
limit, defined at the 95% confidence level, was 1.0 nM, and the linear dynamic 
range exceeded 500 nM (Skoog et al., 1998). 
The Type I liquid core waveguide (LCW) employed in this work is made 
of a flexible AF-2400 fluoropolymer (Dupont) with a refractive index (n = 1.29) 
smaller than that of pure water (1.33) and seawater (1.34) (Abbott et al., 2000; 
Byrne and Kaltenbacher, 2001).  Light introduced axially at an angle equal to or 
smaller than 15° relative to the waveguide/water boundary is internally reflected 
through the water-filled waveguide and detected by a spectrometer coupled to the 
waveguide via an optical fiber (Callahan et al., 2002).  To lessen possible changes 
in signal due to movement of the waveguide as the system traverses the water 
column, the waveguide is immobilized in a Teflon case (i.d. 7.6 cm) during 
deployment.   An opaque cover over the top of the instrument minimizes stray 
light.  
Signal quality was maintained between deployments by flushing the waveguide 
sequentially with DI water, dilute Micro 90 surfactant/cleaner (Cole-Parmer), DI 
water, 1.0 M HCl, and DI water.  In addition to removing any adsorbed material 
 from the waveguide, the surfactant aided in the removal of microbubbles trapped 
in the system.  In order to ensure optimal performance of the waveguide, a custom 
designed interface program monitored absorbance spectra throughout the cleaning 
procedure. 
 
Figure 2.3.  Schematic diagram of the SEAS instrument (11.5 cm diameter, 50 
cm long).  The pressure housing (rated to 500 m) contains the pump motors, lamp, 
spectrometer, and electronics.   The reagent reservoir, sample intake, pump heads, 
and waveguide are exterior to the pressure housing.  Two optical fibers are used 
to transmit light from the lamp into the waveguide, and from the waveguide to the 
spectrometer.  A 12-V battery and Falmouth CTD are connected to SEAS by a 
waterproof cable.  Specifications and additional operational characteristics of the 
SEAS instrument have been previously detailed by Kaltenbacher et al. (2000) and 
Steimle et al. (2002). 
 
The instrument (Fig. 2.3) was powered from a 12V battery, interfaced with a 
Falmouth Scientific Inc. CTD (Model MDTD-DBP-D), and secured on a custom-
made frame.  During a programmed 5-minute delay time, the instrument was 
lowered to 10 m depth, where it pumped ambient seawater for 270 seconds.  The 
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 pressure at 10 m collapsed any bubbles remaining in the waveguide.  After dark 
and reference spectra were taken, the reagent pump was activated for 80 seconds 
prior to initiation of data collection.   After this period, the instrument was 
lowered at a speed of seven m/min while data were collected every two seconds.  
To ensure consistent mixing between sample and reagents, the main pump and 
reagent pump were programmed to operate at constant speeds for the duration of 
the deployment.   
 
Figure 2.4.  A typical continuous flow calibration obtained using the SEAS 
instrument with commercial sulfanilamide solution (LabChem).   
 
Since the instrument was deployed in a continuous flow mode, the in situ 
nitrite concentration was determined by running a calibration in the lab 
immediately before or after each deployment (Fig. 2.4).  As full development of 
the azo dye requires several minutes (Fox, 1979), the slope of the calibration line 
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reflected both the fractional completion of the reaction under the chosen 
experimental conditions and the molar absorbance of the azo dye (Steimle et al., 
2002).   The calibration slope provides a multiplicative constant that relates the 
extent of color development in the continuous flow mode to the full color 
development that occurs after the reaction proceeds to completion.  During the 
course of the 28 day cruise, the calibration slope averaged 0.59 ± 0.05.  
Calibration slopes obtained early in the cruise using laboratory-composed 
sulfanilamide solutions averaged 0.63 ± 0.04 with an intercept of 8.3 ± 2.3.  A 
mid-cruise change to commercially produced sulfanilamide solution (LabChem) 
provided an average calibration slope of 0.57 ± 0.03 and intercept of 2.7 ± 0.9.  
Because of a reduced reagent blank and improved calibration stability, the 
commercially made sulfanilamide was used throughout the remainder of the 
cruise. 
The time required for a sample to travel from the sample inlet to the 
waveguide inlet was 78 ± 4 seconds.  The overall 7.7 cm3/min (sample plus 
reagent) flow rate included a 0.6 cm3/min (7.5%) contribution from the reagent.  
Since the internal volume of the 97 cm waveguide was 0.50 cm3, the nominal fill-
time of the waveguide was 4 seconds.  At the conclusion of each cast, the data 
were immediately uploaded and plotted against depth.  Because the instrument 
was either descending or ascending throughout the period of sample collection, 
the depth of each measurement was adjusted based on the observed 78-second 
delay between sample acquisition and measurement.  Thus, the location of each 
 concentration observation reflected the depth of each water sample as it entered 
the in situ instrument. 
2.4 Results and Discussion 
2.4.1 SEAS performance characteristics 
 
A nitrite profile acquired using the SEAS instrument is compared in 
Figure 5 with measurements performed on samples obtained from a rosette cast 
two hours later.  The rosette samples were analyzed in the lab immediately 
following the cast using the same instrumental procedure that had been employed 
in situ.  There was excellent agreement between the two data sets. 
 
Figure 2.5.  Comparison of in situ data and laboratory measurements of bottle 
samples for station 14.  The upcast for the SEAS instrument preceded the rosette 
cast by about two hours.   Diamonds represent in situ data and circles represent 
data from bottle samples.  The four discrete points below 100 m differ in depth 
from the corresponding in situ concentrations by an average of 1.3 ± 0.9 m. 
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In continuous flow instruments, inter-sample mixing can become problematic.  
However, the comparisons shown in Figure 2.6 indicate that sample carryover 
was insignificant in our system.  Were this not the case, upcast and downcast 
concentration discrepancies would be particularly evident at both the inflection 
depth and at the peak.  It should be noted, as well, that significantly greater 
resolution can be obtained via more slowly descending and ascending 
instrumental systems.  Ultimately this would involve the use of untethered 
systems that are not influenced by ship’s motions. 
  
Figure 2.6.A.  The nitrite profile for station 8, including upcast and downcast 
data, shows a slight depth discrepancy caused by internal waves.  Figure 2.6.B.  
Profiles plotted vs. density remove the influence of internal waves on the nitrite 
distribution. 
 
Nitrite depth profiles often reflected the movement of internal waves, whereby 
apparent peak depths were somewhat offset for downcasts and upcasts.  In order 
to remove this influence on the profiles, nitrite distributions were plotted against 
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density.  The resultant upcast and downcast profiles aligned well along isopycnals 
(Fig. 2.6B).     
It has been demonstrated that the reaction rate of the Griess reaction decreases 
at temperatures below 20° C (Fox, 1979).  As such, one factor that potentially 
affects the profiles is water-column thermal gradients.   The temperature at the 
primary nitrite maximum (PNM) was 17.4 ± 1.4°C in the gyre, with the first 
seven stations averaging 18.6 ± 0.2°C and the next six averaging 16.0 ± 0.7°C.   
Maxima for stations 24 and 26 in the California Current occurred at 15.1°C and 
12.0°C.  However, using a three-minute dwell time, Steimle et al. (2002) reported 
only a 4.5% difference in calculated nitrite concentrations between 16.8 and 
21.2°C.   Given the small range of temperatures at the PNM across the gyre, 
errors attributable to reaction kinetics should therefore be minimal.  Inclusion of a 
thermostatted heating unit on future versions of the instrument should alleviate 
potential problems with temperature dependent reaction kinetics that may result 
from deployment in colder regimes. 
2.4.2 Nitracline Measurements 
 
In terms of peak concentration and depth, the nitrite profiles obtained in this 
work correspond well with previously published profiles for the North Pacific 
Subtropical Gyre (NPSG) (Dore and Karl, 1996b).  It is evident, however, that the 
profiles obtained in situ exhibit far greater detail.  In general, the upper water 
column nitrite gradient (between the surface and the depth of a sharp inflection) 
was 0.08 ± 0.03 nM/m.  The nitrite inflection depth is well defined by the 
 intersection of the upper water column gradient and the much steeper gradient of 
the primary nitrite maximum (PNM) (Fig. 2.7).   The average PNM nitrite 
concentration gradient (inflection to peak) for sixteen stations in the North Pacific 
was 10 ± 3 nM/m, and the average distance between the inflection depth and the 
nitrite maximum was 25 ± 8m.    Below the peak, nitrite concentrations decreased 
to low nanomolar levels, albeit at slower rates than observed for the shallower 
inflection-to-peak gradient.  All but two casts of seventeen contained a single, 
well-defined peak.   
 
Figure 2.7.  Nitrite inflection depths are well defined by the intersection between 
the best fit upper water column gradient (0.08 ± 0.03 nM/m) and that of the PNM 
gradient (10 ± 3 nM/m). 
 
The nitracline has variously been defined as (1) the depth of the first 
detectable nitrate concentration using standard spectrophotometric methods 
(Herbland and Voituriez, 1979), (2) the depth that is halfway between the first 
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depth at which nitrate plus nitrite is greater than or equal to 100 nM and the depth 
of the sample immediately above it (Dore and Karl, 1996b),  (3) the shallowest 
depth at which nitrate reaches micromolar concentrations (Villareal et al., 1999), 
and (4) the depth at which the nitrate plus nitrite concentration gradient surpasses 
2 nmol kg-1m-1 (Letelier et al., 2004).  Letelier et al. (2004) found that the depth of 
the nitracline was 117 ± 5 m during the summer months from 1998 to 2001 at 
Station ALOHA in the NPSG.   Using SEAS, the nitrite inflection depth across 
the NPSG in the summer of 2002 was 117 ± 10 m, and 116 ± 11 m including two 
casts in the California Current.  Given the sharp inflections that were typically 
observed using SEAS in the North Pacific, the nitrite inflection depth may serve 
as a well-defined maximum depth for the nitracline.  As the nitrite maximum is 
tightly coupled with, and situated just below, the top of the nitracline, and the 
PNM is only observed in the presence of nitrate, the nitrite inflection must be 
located at or just beneath the top of the nitracline as defined by Letelier et al. 
(Dore and Karl, 1996b; Herbland and Voituriez, 1979; Letelier et al., 2004). An in 
situ nitrate instrument, currently under development, will facilitate investigations 
of the relationship between the nitrite inflection and the nitracline. 
 
  
Figure 2.8.  Comparison of nitrite and fluorescence profiles for station 7, one of 
two stations containing multiple nitrite peaks.  Close correlations between nitrite 
and fluorescence profiles were observed throughout the cruise. 
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Figure 2.9.  Contour plot of nitrite distribution vs. longitude and depth.  
Diamonds represent the depths of fluorescence maxima.  For the sake of clarity, 
only fluorescence data collected within several hours of nitrite casts are included.  
Shoaling of the nitrite maximum occurred at a front located between 150°W - 
140°W, and in the California Current. 
 
Because of incomplete reduction of nitrate by phytoplankton at low 
irradiance, the primary nitrite maximum is often located only slightly below the 
deep chlorophyll maximum (Brzezinski, 1988; Collos, 1998; French et al., 1983; 
Kiefer et al., 1976). 
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 A comparison of the nitrite and fluorescence distributions relative to density 
for station 7 (Fig. 2.8) shows the close correlation often observed between the two 
profiles over the course of the cruise.  For all stations in the NPSG and California 
Current transect, the fluorescence maximum was observed at depths intermediate 
to the well defined PNM and nitrite inflection depths.  The average PNM depth 
determined using SEAS in the NPSG in the summer of 2002 was 138 ± 10 m.  
The average depth of the fluorescence maximum was 125 ± 11 m in the gyre, and 
123 ± 12 m including stations in the California Current (Fig. 2.9).  This is similar 
to the average depth of the summer fluorescence maximum, 125 ± 9 m, reported 
by Letelier et al. (2004) for Station ALOHA.    
2.5 Conclusions 
 
 We have demonstrated the utility of in situ, continuous flow 
measurements for characterization of nitrite distributions in the natural 
environment.   SEAS-nitrite instruments are sufficiently compact to allow 
deployment on either a ship’s rosette sampling system or autonomous profiling 
systems, and can be used to specify both the nitrite inflection and nitrite 
maximum depths with great precision.  The resolution that can be achieved using 
this instrumental system should greatly facilitate studies of upper-ocean nitrite 
dynamics.  Accurate integration of nitrite concentrations over a given depth range 
is now possible, making between-cast comparisons much more meaningful.   The 
method described here can be adapted to any colorimetric analysis, providing that 
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the rate of color development is sufficiently rapid to allow a continuous flow 
configuration. 
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3 Physical and biological features of the North Pacific Subtropical Front in 
summer 
The following chapter has been submitted for publication: L.R. Adornato, T.A. 
Villareal, E.A. Kaltenbacher, C.A. Schoenbaechler, and R.H. Byrne, Deep-Sea 
Research I 
 
 
3.1 Abstract 
 
 The North Pacific Subtropical Front (NPSF) is a biologically dynamic 
region created by convergence of warm, high salinity North Pacific Subtropical 
Gyre (NPSG) waters and cooler, less saline waters originating in the Subpolar 
Gyre.  The winter and spring frontal boundary can be readily detected from 
surface temperature and sea surface height anomalies.  Because summer 
insolation typically obscures the diagnostic 17°/18° C winter temperature outcrop 
of the Subtropical Front, existence of the front in summertime is generally 
demonstrated only through use of in situ techniques.   Otherwise, in the absence 
of satellite-visible surface expressions, the frontal region is typically not 
distinguished from the oligotrophic NPSG. 
  The NPSF and its associated physical and biological features were 
examined during a June/July 2002 cruise.   Underway data provided clear 
evidence of the diagnostic NPSF 34.8 salinity outcrop that defined frontal 
boundaries.  Vertical temperature and salinity distributions on the southern frontal 
margin reflected the nutricline doming typical of convergent zones.  Salinity 
profiles north of the front exhibited a high degree of variability due to subduction 
of cold, low salinity water into the warmer saltier waters to the south. A sharp 
change in sea surface texture was observed at a frontal boundary, where the 
warmer, high salinity water was glassy and the cooler, low salinity water appeared 
rough. 
In contrast to the picoplankton-dominated NPSG, frontal regions near 30º 
N displayed high concentrations of large Rhizosolenia and Hemiaulus diatom 
species, with highest concentrations of Rhizosolenia cells south of the front and 
highest Hemiaulus counts north of the front.  Vertically migrating Rhizosolenia 
mats also displayed a preference for warm, south frontal waters.  Particulate 
organic carbon (POC) concentrations shifted from low bimodally distributed 
levels in the gyre to high surface levels near the front.  Elevated POC 
concentrations penetrated deeper into the water column from south to north, 
echoing the distribution of Rhizosolenia and Hemiaulus cells.  A large percentage 
of the deep-water (> 200 m) chlorophyll near the front was in the >10 μm size 
fraction, indicating enhanced export of larger cells.  The increased biomass and 
elevated cell abundance at the front was not observed via SeaWiFS, although a 
chlorophyll bloom was detected by satellite north of the cruise track.  
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 If these diatom blooms are a characteristic feature of the NPSF, then export 
production in this region has been underestimated and is likely to account for 
some of the flux that benthic respiration rates suggest is missing from current 
estimates. 
3.2 Introduction 
North Pacific Subtropical Gyre (NPSG) waters are bounded to the north 
by a series of semi-permanent fronts, collectively called the Subtropical Frontal 
Zone, that include the South Subtropical Front (SSTF), the Subtropical Front 
(STF), and the Transition Zone Chlorophyll Front (TZCF) (Bograd et al., 2004; 
Roden, 1980; Roden, 1981). 
   Winter frontal boundaries typically include sharp gradients in 
thermohaline properties, sea surface height anomalies, and increases in primary 
productivity that can often be determined by remote sensing methods (Archer et 
al., 1998; Seki et al., 2002).   Because the oligotrophic gyres represent vast areas 
of low trophic transfer, these narrow, high chlorophyll regions provide important 
forage and migration pathways for a large variety of pelagic predators and 
seabirds (Hyrenbach et al., 2002; Polovina et al., 2000; Polovina et al., 2000). 
The TZCF, easily identified by its surface 0.2 mg/m3 chlorophyll 
signature, migrates from 30-35° N in the winter to 40-45° N in the summer 
(Polovina et al., 2001).  Other North Pacific summer frontal locations prove 
difficult to detect by remote sensing since increased insolation warms the surface 
water above the diagnostic frontal temperature and surface chlorophyll expression 
does not indicate persistent, sharp increases in primary productivity.    
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 Although the salinity outcrop that characterizes each front may be located 
by in situ CTD measurements, the occurrence of oceanographic expeditions to 
fronts in this area is comparatively rare.  As an alternative to in situ observations, 
it has been noted that ocean surface texture, such as a marked change from 
smooth to rough conditions, or the presence of a debris line, may provide another 
means whereby frontal locations can be determined (Archer et al., 1998; Flament 
and Armi, 2000; Stommel, 1965).   
The impact of highly localized regions of increased productivity may be 
grossly underestimated in trophic transfer calculations; particularly when surface 
chlorophyll concentrations are insufficient for detection by SeaWiFS ocean color 
measurements.  While elevated concentrations of Richelia-containing 
Rhizosolenia, Hemiaulus diatom species, and vertically-migrating Rhizosolenia 
mats were measured near 30° N in the Pacific in the summer of 2002 (Pilskaln et 
al., 2005; Wilson et al., in press), elevated chlorophyll was not observed by 
SeaWiFS.  The only remotely observed signal was a chlorophyll bloom (> 0.15 
mg/m3) somewhat north of the cruise transect (Wilson et al., in press).  
Nevertheless, summer chlorophyll blooms near 30° N have been observed in the 
majority of the years that ocean color data have been available, implying that 
frontal mechanisms commonly generate blooms in this region (Wilson et al., in 
press).   
The species composition of these frontal blooms was noteworthy since 
nitrogen-fixing diatom symbionts were abundant and Montoya et al. (2004) 
reported high N2-fixation rates by unicellular diazotrophs.  Since the NPSG has 
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 been considered nitrogen-limited over the relatively short time that such 
measurements have been made, organisms that bring new nitrogen to near-surface 
waters, either by nitrogen fixation or by vertical transport of nitrate from the 
nitracline, are extremely important.  In contrast to upwelling, nitrogen fixation 
and vertical nitrogen transport introduce new nitrogen into the euphotic zone 
without concomitant carbon input.  
Several investigators have examined changes in oceanographic parameters 
over large-scale meridional studies (Lynn, 1986; Pak et al., 1988; Roden, 1980; 
Roden, 1981; Seki et al., 2002).   The contribution of the present study includes 
sampling parallel to the front, both north and south of the boundary, including 
data on differences in phytoplankton community structure.  Although the 
temperature and salinity differences across oceanic fronts are often too small to 
affect cell growth or physiology directly, phytoplankton species typically exhibit 
temperature and salinity preferences associated with particular hydrographic 
provinces (Braarud, 1962; Gao et al., 2000; Moore et al., 1995; Venrick, 1971).  
Sharp changes in temperature and salinity can result from convergent flow at 
fronts, and the distributions of phytoplankton can change rapidly across a front as 
a result of physical concentration or shoaling of the nutricline (Seki et al., 2002; 
Yoder et al., 1994).   
Thirteen casts performed in the central gyre provided a basis of 
comparison with casts performed in frontal regions.  Most gyre stations displayed 
typical oligotrophic characteristics that included low near-surface nutrient 
concentrations, seasonal and permanent thermoclines, shallow oxygen maxima, 
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 and fluorescence and nitrite maxima situated at the top of the nutricline.  
Deviations from the norm were observed at two gyre stations.   
3.3 Materials and methods 
3.3.1 Conductivity, temperature, depth and chlorophyll fluorescence 
 
Data were collected during the Rhizosolenia Mats in the Pacific (RoMP) 
cruise aboard the R/V Melville from June 20 to July 16, 2002.  A SeaBird SBE 9 
CTD provided salinity, temperature and pressure measurements on each rosette 
cast.  Chlorophyll fluorescence was measured with a Seapoint fluorometer.  CTD 
measurements, processed using Seasoft, were averaged and binned into 1 meter 
depth intervals.  Cast depths ranged from 300 to over 4,000 meters, with most 
averaging 400 meters.   
3.3.2 Particulate organic carbon (POC) 
Percent transmittance (Tr) data were collected with a WetLabs C-Star Sea 
Tech transmissometer (25cm pathlength, 6km depth range, calibrated for 100% 
transmittance in pure water) interfaced with the Sea Bird CTD.  The beam 
attenuation coefficient, c, was determined using the equation 
c = (cp + cCDOM) = [ln (Tr/100)]/r   (m-1) Equation 3.1 
Where c is the attenuation of light at 660 nm due to absorbance and scattering of 
particles (cp) and colored dissolved organic matter (cCDOM); and r is the pathlength 
of the transmissometer.  Given that the absorbance due to colored dissolved 
organic matter at 660 nm is insignificant (cCDOM ≈ 0), c can be equated with 
attenuation by particulate organic carbon (POC) (Bricaud et al., 1981; Nelson et 
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 al., 1998).  Pursuant to Walsh et al. (1995), the cruise minimum beam attenuation 
coefficient value, determined at approximately 4000 meters depth, was subtracted 
from each of the profiles and the particulate organic carbon concentration at the 
deep minimum was set to a nominal value of 4 μg/L (Walsh, pers. comm.).  The 
cruise minimum subtraction provided a means whereby contributions to beam 
attenuation from the optical windows could be excluded from the calculation.  
Furthermore, since the primary focus of the POC determination was comparison 
of surface water distributions between casts, a small error in the assumed deep 
water value should not affect the overall assessment. 
 POC concentrations (μg/L) were calculated by rearranging the equation of 
Fennel and Boss derived at Station ALOHA  
POC = 630(μg/L)cP + 4 Equation 3.2 
(Fennel and Boss, 2003).  Use of this relationship produced values near Station 
ALOHA that corresponded well with those previously published for this location 
(Campbell et al., 1994).   
3.3.3 Diatom abundances 
 Transmissometry quantifies the abundance of particles with diameters 
ranging from 0.5-20 μm (Behrenfeld and Boss, 2003). Abundances of large 
diatoms, such as Hemiaulus and Richelia-containing Rhizosolenia, were 
enumerated using a Multiple Opening/Closing Net and Environmental Sensing 
System (MOCNESS) with 64 micron mesh nets.  Neither of these taxa is 
completely retained by this mesh size; however, they are retained semi-
quantitatively due to their colony size.  Filtered water volumes and cast depth 
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 ranges were monitored by an on-board computer.  Individual counts were 
conducted by hand in triplicate and averaged for each bin.  Plots of bottle-
collection versus MOCNESS counts indicated the two agreed within a factor of 
two.   
3.3.4 Dissolved oxygen and AOU 
 Dissolved oxygen was measured with a SeaBird SBE 43 oxygen sensor.  
Apparent Oxygen Utilization (AOU) was calculated by subtracting observed 
dissolved oxygen concentration from saturation oxygen content (SOC) as defined 
by Boyer et al. (1999) such that oxygen supersaturation appeared as a negative 
value.   
3.3.5 Photosynthetically available radiation (PAR) 
 Surface photosynthetically available radiation (SPAR) and in situ PAR 
were measured using Biospherical Licor instruments.   
3.3.6 Nutrient measurements 
 High resolution in situ nitrite measurements were collected by the 
Spectrophotometric Elemental Analysis System (SEAS) instrument as described 
by Adornato et al. (2005).  With a data collection frequency of 0.5 Hz and a 
detection limit of 1.0 nM, SEAS provided highly detailed descriptions of nitrite 
concentrations in the upper 250 m of the water column on the 2002 cruise, and 
accurately established the depths of the nitrite inflection (ave. 116 ± 11 m) and 
primary nitrite maximum (ave. 138 ± 12 m).  It has been suggested that the depth 
of the nitrite inflection may provide a proxy for the nitracline (Adornato et al., 
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 2005).  Subsequent in situ measurements of nitrite and nitrate concentrations 
collected using SEAS instruments in the Gulf of Mexico (Adornato et al., 
accepted) revealed that the nitrite inflection depth and the nitracline were very 
tightly correlated.  Furthermore, Dore and Karl (1996a) found that the location of 
the upper primary nitrite maximum (UPNM, average depth 126 ± 18 m) has  
always been found just below the nitracline (average depth 115 ± 18 m) at Station 
ALOHA.  Letelier et al. (2004) reported the depth of the nitracline occurred at 
117 ± 5 m at Station ALOHA in the summer.  Because the bottle samples did not 
provide the spatial resolution necessary to pinpoint locations of the nitracline at 
all stations, applicable nitrite inflection depths were used for this purpose. 
 Seawater samples for macronutrient determination were collected in 12 
mL snap-cap tubes.  The tubes were rinsed three times with sample prior to 
filling, frozen at -20 ºC, and analyzed post-cruise.  Nitrate plus nitrite and silicate 
analyses were conducted on a Lachat Quikchem 8000 ion analyzer using the 
manufacturer’s recommended chemistries.  Reactive phosphate was measured 
manually on a spectrophotometer (Parsons et al., 1984).  
3.3.7 Chlorophyll a concentrations 
Chlorophyll a concentrations were determined by filtration onto 0.4 and 
10.0 micron pore size membrane filters (200 and 250 ml filtered, respectively), 
extraction overnight in methanol at -20ºC, and fluorometric analysis using the 
non-acidification technique developed by Welschmeyer (Singler and Villareal, 
2005; Welschmeyer, 1994).  
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 3.4 Results and discussion 
 
 
 
 
Figure 3.1. Underway salinity map for the Rhizosolenia Mats in the Pacific 
(RoMP) 2002 cruise constructed from over 52,000 latitude/longitude/salinity 
observations.  Station locations are shown in subsequent figures so that the 
underway frontal salinity changes are not obscured. 
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Figure 3.2. Curtain plot of salinity distributions (surface to 300 m depth) 
embedded in the cruise map shows the high degree of variability observed over 
the course of the cruise.  Data from a total of 34 casts were used to generate the 
plot. 
 
3.4.1 Temperature, salinity and density 
 
The cruise track (Fig. 3.1) comprised several regions defined by 
temperature and salinity distributions (Fig. 3.2, 3.3).  Central gyre stations (4 
through 8) displayed typical summer profiles that included both seasonal and 
permanent thermoclines, with little variability between casts except as noted.  
South frontal stations 10 through 13 displayed slightly lower average surface 
salinities and temperatures than the central gyre stations, and permanent 
thermoclines that shoaled to the base of the seasonal thermoclines so that no relict 
winter mixed layer could be discerned.  North frontal stations (14 through 18) 
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 displayed highly variable salinity distributions produced by subduction of fresher, 
colder waters from the northern gyre under the warmer higher salinity waters of 
the central gyre (Roden, 1980).  The salinity distribution of the northernmost 
station (16) most closely resembled those of the California Current stations (24, 
25), but with a higher value at the surface.  Salinity distributions for stations 19 
though 20 demonstrated gyre characteristics, with surface values in excess of 35.2 
and smooth decreases with depth to approximately 34 at 200 meters, but with 
surface waters 2°C colder than observed at stations in the central gyre.  The 
remaining stations, 21 through 26, displayed transitional properties between 
warmer, high salinity gyre waters and the colder, low salinity waters of the 
California Current, with marked drops in both temperature and salinity values 
between stations 23 and 24. 
 
Figure 3.3. Distributions of temperature (º C) from the surface to 300 m.  Due 
to summer insolation, temperature displays much less variability than that of 
salinity.  Location of the Subtropical Front by AVHRR or MODIS satellite data 
during summer months is rendered impossible by the disappearance of diagnostic 
temperature outcrops. 
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 Although the location of the Subtropical Front shifts over time, it can be 
detected by several means.  Niiler and Reynolds (1984) reported that a well-
defined local salinity minimum at approximately 180 meters depth characterized 
stations north of a front at 31° N, 152°30’W, while a weak minimum at about 260 
meters typified stations south of the front.  Shallow salinity minima typical of 
those found north of the front were observed at stations 12 and 14 though 18, 
although the salinity minimum at station 12 was 0.2 – 0.4 more saline than 
observed at the north frontal stations.  Salinity minima corresponding to those 
found south of the front were observed at stations 13 and 19 though 21.     
 Roden (1980, 1981) identified the winter-time location of the subtropical 
front by its surface salinity and temperature signatures of 34.8 and 18º C.  Seki et 
al. (2002) determined that 34.8/17ºC outcrops characterized the STF in late winter 
and early spring.  Because summer insolation causes the sea surface temperature 
to rise above the frontal diagnostic value, summertime location of the STF must 
be determined by salinity alone (Niiler and Hall, 1988).   
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Figure 3.4. Photograph of the Subtropical Front obtained at 29°50.564 N, 
138°08.867 W (between Stations 20 and 21) demonstrates the sharp change in 
surface texture often observed at frontal boundaries.  Arrows in the photograph 
indicate the location of the front, which was visible over a great distance.   
Underway data highlight the abrupt salinity change that occurred at the frontal 
boundary depicted in the photograph. 
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 The ship’s underway salinity data provided clear evidence of frontal boundary 
crossings that corresponded well with salinity data collected during CTD casts 
(Fig. 3.1).  Salinity and temperature fell between stations 13 (35.26, 23.42°C) and 
14 (34.63, 22.72°C), rose between stations 18 (34.34, 21.78ºC) and 19 (35.24, 
22.25ºC), and fell between stations 20 (35.32, 22.43°C) and 21 (34.85, 21.9 ºC), 
indicating that frontal boundaries were crossed between each of these pairs of 
stations.   In addition, a sharp change in sea surface appearance was observed at 
29°50.564 N, 138°08.867 W, between stations 20 and 21.  The warm side of the 
front at this location appeared glassy and the cooler side appeared choppy (Fig. 
3.4), similar to observations of frontal boundaries near 2º N in the eastern Pacific 
(Archer et al., 1998). Salinity profiles north of the front exhibited interleaving 
lamina of fresher and more saline waters with a high degree of variability between 
profiles when compared to central gyre profiles (Fig. 3.5) (Lynn, 1986).  
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Figure 3.5. Salinity distributions between Station 13 (30°27.154 N, 
145°30.592W) and 14 (30°57.655N, 143°05.801W), and between 20 
(29°49.125N, 138°19.312W) and 21 (29°52.900 N, 137°51.420 W) provide 
examples of both the magnitude of change across frontal stations and the profile 
of variability in frontal salinity distributions.  
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  In spite of the intricate layering observed in frontal salinity profiles, a plot 
of sigma-t showed a highly stable vertical density structure (Fig. 3.6).  Salinity 
variations compensated by temperature have been observed both vertically and 
across frontal regions (Roden, 1980).  Shoaling of isopycnals was noticeable at 
stations 10 through 13, and again at the California Current (Fig. 3.6).  Central 
gyre stations exhibited the deep pycnoclines typical of highly-stratified 
oligotrophic waters.  While stations 19 and 20 also displayed deep pycnoclines, 
the surface densities (σt = 24.34) were the highest of any station. 
 
Figure 3.6. Curtain plot of sigma-t from the surface to 300 m depth shows 
shoaling of the pycnocline near the front.  The shallowest pycnocline occurs at the 
station (10) nearest the satellite-observed chlorophyll bloom.  While the depth of 
the pycnocline varies across the transect, the vertical density structure is highly 
stable. 
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 3.4.2 Particulate organic carbon 
Derived particulate organic carbon (POC) concentrations (Fig. 3.7) displayed a 
bimodal distribution in the central gyre locations (stations 4-8) that included a 
peak centered at 50 meters and another at the deep chlorophyll maximum (DCM).  
At several of the stations, POC concentrations in the DCM were equal to or 
higher than those near the surface.  This contrasts with distributions observed by 
Fennel and Boss (2003) at Station ALOHA where the POC concentrations at 50 
meters far exceeded those in the remainder of the water column.  
 
Figure 3.7. Particulate organic carbon (μg/L) distributions from the surface to 
300 m reveal low concentrations in the gyre and elevated levels near the front.  
High POC concentrations penetrate deeper into the water column on the southern, 
high salinity side of the front compared to those at northern, lower salinity 
stations. 
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 POC distributions at stations 8 through 13 displayed higher deepwater 
(below 200 m) concentrations than those of stations 4 through 7, as well as a 
gradual shift from the bimodal particle distributions of the central gyre to particle 
maxima at or near the surface.  This is similar to the POC distributions across the 
Subtropical Front in the Atlantic reported by Vezzulli et al. (2002).  Integrated 
chlorophyll a concentrations increased by 27% between stations 7 and 8, 
indicating that the rise in POC correlated with an increase in phytoplankton 
biomass, although other factors may have contributed as well.  For example, low 
wind velocities and convergent surface currents at the latitude of the subtropical 
front during the summer months favor accumulation of materials including plastic 
debris, marine snow, and Rhizosolenia mats (Kubota, 1994; Montoya et al., 2004; 
Wilson et al., in press; Zhurbas and Oh, 2004).   
The highest POC concentration detected in this study occurred at station 
12 (61 μg/L at 32 m depth) in conjunction with a subsurface chlorophyll bloom, 
with measured near-surface chlorophyll concentrations of 0.11-0.16 mg/m3 and a 
deep chlorophyll maximum of 0.83 mg/m3.  Species associated with the bloom 
were not determined, although relatively depleted silicate concentrations (0.45 
μM) at the depth of the POC maximum implied that diatoms may have been 
responsible for the increase in chlorophyll biomass. 
Stations north of the front had slightly lower deepwater POC 
concentrations than those observed at stations 8 through 13, but a higher level of 
particulate material at the surface than the rest of the water column.  Stations 13, 
15 and 16 displayed surface POC concentrations on the order of 50 μg/L.  East of 
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 station 18, near-surface POC concentrations dropped but rose again at stations 22 
and 23.  California Current station POC concentration distributions most closely 
resembled those of the central gyre, with peaks occurring just beneath the surface 
mixed layer and at the DCM. 
The average deep POC maximum occurred at 126 ± 13 m in the gyre, 115 
± 9 m at the front, and 119 ± 12 m overall.  The light level at the deep POC 
maximum was 0.5 ± 0.2% of surface radiance averaged over all casts where light 
measurements were obtained. 
3.4.3 Diatom distributions 
The MOCNESS samples were dominated by the diatom Rhizosolenia with 
its diazotrophic symbiont Richelia and the diatom Hemiaulus spp.  Hemiaulus 
contains a diazotrophic symbiont as well, although at frequencies that vary widely 
in the central Pacific (Wilson et al., in press).  We could not enumerate the 
Hemiaulus symbiont in our preserved samples, and cannot confirm that it was 
present.  Concentrations of Richelia-containing Rhizosolenia cells, averaged over 
the upper 60 meters of the water column, rose from approximately 200 cells/m3 in 
the gyre to over 130,000 cells/m3 at stations 10 and 12.  The highest near-surface 
concentration of Rhizosolenia-Richelia cells observed during the cruise was 
318,000 cells/m3 within the 15-40 meter stratum at station 10.  The highest 
surface concentration was 230,000 cells/m3 found in the 0- 5 meters stratum at 
station 13. Rhizosolenia mat abundance determined by divers and ROV 
deployments also peaked at station 13 (Pilskaln et al., 2005).  Yoder et al. (1994) 
found very high free-living (non-mat forming) Rhizosolenia cell concentrations 
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 along the warm side of  a front located at 2º N in the Pacific.  Although the 
stunning cross-front color change observed by Yoder was not seen in this study 
(the frontal boundary between stations 13 and 14 was crossed at night), the 
obvious Rhizosolenia-Richelia preference for the warm edge of the front was 
confirmed by cell count. 
While Rhizosolenia mats and Rhizosolenia-Richelia cell counts peaked 
south of the front, Hemiaulus cell concentrations reached highest values north of 
the front.  Hemiaulus cells increased from 2,000 cells/m3 in the gyre to over 
400,000 cells/m3 at station 14.  As evidenced by a concentration of 840,000 
cells/m3 in the upper 15 meters of the water column, the surface Hemiaulus 
biomass maximum also occurred at station 14.  Elevated Hemiaulus cell counts 
were also observed at stations 10 through 13, and 15, albeit at lower values than 
observed at station 14.  High concentrations of both Rhizosolenia-Richelia and 
Hemiaulus cells penetrated deeper into the water column south of the front (Fig. 
3.8).  Observed differences in near-surface community structure across the frontal 
boundary may also be responsible for the abrupt change in POC distribution 
demonstrated in Figure 3.7. 
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Figure 3.8. Vertical distributions of Hemiaulus and Rhizosolenia cells plotted 
over salinity contours show the aversion of Hemiaulus to low salinity.  Note the 
similarity of POC and cell density distributions. 
 
Hemiaulus surface (0 – 15 m) concentrations dropped from 80,000 
cells/m3 at station 15 (S = 34.5) to 32,500 cells/m3 at 16 (S = 33.7); and from 
83,000 cells/m3 at station 23 (S = 34.2) to 500 cells/m3 at California Current 
station 24 (S = 33.3).  Both Hemiaulus and Rhizosolenia-Richelia surface counts 
fell to very low levels by station 25. The cross-frontal salinity gradient, while 
significant for the open sea, is unlikely to be directly responsible for the observed 
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 phytoplankton distribution. Venrick (1971) did not observe changes in recurrent 
phytoplankton groups in this zone, and the small gradients noted across the front 
are unlikely to have a significant effect on growth or physiology (see (Smayda, 
1980). Rather, it is a proxy for differing physical or chemical regimes separated 
by the front. Diatom-diazotroph blooms are also reported at the Hawaii Ocean 
Time Series (HOT) station (Scharek et al., 1999) and from the tropical Atlantic 
Ocean (Carpenter et al., 1999).  The common features of these disparate areas that 
lead to such blooms remain unknown.  
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 3.4.4 Export Production 
 
B 
A 
Figure 3.9. A)  Photograph of a Pacific Hemiaulus bloom taken near the sea 
surface by a diver during the RoMP 2003 cruise.  While the photograph was not 
taken during this study, it is representative of the level of marine snow observed 
during an intense Hemiaulus bloom. 
B) Photograph of Hemiaulus aggregate collected near 30º N during the 
RoMP 1996 cruise. 
 
 
In addition to providing new nitrogen to the euphotic zone, Rhizosolenia 
and Hemiaulus spp. either excrete substances or form assemblages that contribute 
 59
 to production of marine snow.  Rhizosolenia mats produce a sticky transparent 
exopolymer (TEP) that can provide a nucleus for accumulation of 
mesozooplankton, bacteria, and other particulate material.  The levels of TEP 
production measured by Pilskaln et al. (2005) closely resembled those of high 
productivity areas rather than those typically observed in oligotrophic regions.  
Rhizosolenia-Richelia associations often produce millimeter-sized rafts (Mague et 
al., 1974), see Fig. 3a).  High Hemiaulus spp. abundance is characterized by large 
quantities of particulate matter (Fig. 3.9) that can also act as a locus of 
flocculation; high fluxes associated with Hemiaulus have been observed at HOT 
(Scharek et al., 1999).  Because large particles can sink rapidly, or be consumed 
by zooplankton and repackaged as fecal pellets, all of these aggregates may 
contribute episodic carbon export to the deep ocean (Michaels and Silver, 1988).   
Size fractionated chlorophyll measurements indicated elevated levels of large (> 
10 μm) phytoplankton at stations 7, 10 through 13, and 15 (14 was not sampled) 
relative to central gyre stations (Fig. 3.10).  Particularly high percentages occurred 
at approximately 200 meters depth south of the front, indicating export of cells in 
the larger size fraction.  
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Figure 3.10. Elevated chlorophyll concentrations were measured near the front, 
although a corresponding increase in in situ fluorescence was not observed.  Size-
fractionated chlorophyll data indicated that high percentages of large (> 10 μm) 
cells were found below 175 meters, particularly in the region with high 
Hemiaulus concentrations, indicating enhanced export in the diatom bloom 
region. 
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 Recent evidence from sediment core data indicates that large diatom 
accumulation and export at frontal areas are common occurrences in the world 
oceans and that some of the diatom species found in the sedimentary record tend 
to form blooms that may not be visible at the sea surface (Kemp et al., 2006).  
Laminated Rhizosolenia spp. deposits have been found in Neogene sediments 
beneath the South Equatorial Front (Pacific) and in Holocene sediments near the 
Subarctic Front (Atlantic) (Andersen et al., 2004; Kemp et al., 1995).  Fresh 
Rhizosolenia detritus was found on the seafloor two months after a bloom formed 
at a front located at 2° N in the Pacific (Archer et al., 1998; Smith et al., 1996; 
Yoder et al., 1994).  Measurements of associated bacterial activity suggest that the 
detritus was labile and subject to rapid degradation (Smith et al., 1996).  
3.4.5 Sea Surface texture  
 Changes in sea surface texture similar to the change observed in the 
current study have been observed at frontal boundaries at 2° N in the Pacific and 
at the western boundary of the Gulf Stream in the Atlantic (Archer et al., 1998; 
Govoni et al., 2000).  Processes that contribute to the change in texture are not 
clear, but it is probable that sea surface smoothing, or the damping of capillary 
waves (λ < 0.5 cm), is accomplished by biological processes.  Surface slick 
damping of capillary waves is a well-documented phenomenon (Davies and Vose, 
1965).  Slicks, usually made up of insoluble organic materials, are common 
features at convergent fronts (Le Fevre, 1986) and often can be detected using 
satellite based synthetic aperture radar (SAR) (Espedal et al., 1997; Espedal et al., 
1996).  Recent studies reveal that plankton blooms correlate positively with 
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 surface slicks that result in underestimation of QuikSCAT scatterometer-derived 
wind speed estimates (Hashizume and Liu, 2004; Lin et al., 2003).  In addition, 
TOPEX radar altimeter data often show areas of high return cross sections near 
30° N in the Pacific during the summer associated with smooth surface conditions 
that may not be correlated with low wind speeds (Mitchum et al., 2004).   Since 
Rhizosolenia-Richelia cultures have been observed to excrete materials that 
increase the viscosity of the surrounding medium (Villareal, in prep.), it is 
possible that high cell numbers cause surface slicks that result in damping of 
capillary waves, but this remains an open question.   Knowledge of the temporal 
and spatial extent of the textural boundary would greatly aid in future studies of 
the front since it may be possible to identify the frontal boundary by remote 
sensing methods. 
3.4.6 30º N summer chlorophyll blooms 
For 11 out of 16 years that satellite ocean color data were available, 
summer chlorophyll blooms occurred near 30º N between 135º to 155º W, 
including a bloom just north of station 10 during the present study  (Wilson, 2003; 
Wilson et al., in press).  While we did not sample this 30° N bloom, it seems 
likely that frontal processes at this latitude were linked to the formation of the 
bloom (Wilson et al., in press). Fronts typically provide areas of higher 
productivity, species abundance, and diversity (Worm et al., 2005).  The area 
along 30º N is exploited by longline fisheries for swordfish during late winter and 
spring months, possibly due to increased prey species associated with the front 
(Seki et al., 2002).  Dandonneau et al. (2003) proposed that chlorophyll anomalies 
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 observed in oligotrophic regions by satellite color methods were actually made up 
of non-living detrital material collected at the surface by Rossby waves acting as 
“hay rakes”.  However, in contrast to planetary waves which propagate east to 
west (Pak et al., 1988), the 30º N summer blooms remain stationary or propagate 
west to east.  Since very high numbers of diatom cells were observed at station 10 
located at the southern tip of the bloom (Wilson et al., in press), the evidence 
indicates that the 30° N summer blooms are due to local increases in 
phytoplankton abundance rather than an artifact due to absorbance by surface 
detrital matter.  Some factors that may contribute to summer bloom appearances 
include shoaling of the nitracline along the STF, increased nitrogen fixation by 
small unicellular autotrophs and endosymbiont Richelia species, and nitrate 
release into the euphotic zone by buoyancy regulating Rhizosolenia mats 
(Montoya et al., 2004; Singler and Villareal, 2005; Villareal et al., 1999).   
Rhizosolenia-Richelia may release fixed N directly into the surrounding water 
(Villareal, 1987) and could contribute to a general phytoplankton increase as well 
as a local increase in Rhizosolenia-Richelia symbiosis. In light of the size of the 
bloom area and the associated potential contribution to export production, the 
phenomenon deserves further investigation. 
3.4.7 Nutrient and dissolved oxygen distributions 
Inorganic nutrient distributions over the course of this study revealed that 
the gyre was apparently nitrogen limited, providing an advantage to organisms 
capable of nitrogen transport or fixation (Fig. 3.11).  Concentrations integrated 
over the upper 200 meters showed that the nitrogen to phosphorus ratio was 8.8:1, 
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 R2 = 0.89.  The depth of the nitracline averaged 121 ± 8 m in the gyre and 110 ± 7 
m near the front, resulting in an overall cruise average of 115 ± 9 m.  The lowest 
overall nutrient concentrations were measured at station 20 which was located at 
the eastern edge of a narrow tongue of high salinity gyre water.  The nitrate 
gradient below the nitracline was greater at near-frontal stations compared to that 
in the gyre.  Shoaling of the nitracline would particularly benefit migrating 
Rhizosolenia mats, since travel time would be reduced between the nutricline and 
the depths where light is sufficient for photosynthesis (Villareal et al., 1996). 
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Figure 3.11. Nutrient contours reflect low concentrations observed in the NPSG 
and upwelling in frontal regions and the California Current.  Elevated silicate 
concentrations were found above the nitracline, particularly near the front, thereby 
favoring diatom species that are capable of nitrate transport or that possess 
diazotrophic endosymbionts.   
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 The station with the highest N:P ratio (Sta. 7, N:P = 30) was located in the 
central gyre.  Several features distinguish this station from others in the gyre.  
First, the nitrite maximum displayed a diminished primary peak and several 
deeper peaks, rather than the typical single strong peak.  Second, although deep 
nitrite peaks have often been attributed to bacterial denitrification (Dore and Karl, 
1996a), the deep peaks at station 7 were associated with atypical increases in 
chlorophyll fluorescence and dissolved oxygen.   The reason for this is unclear but 
it may be that a small population of phytoplankton was capable of persisting at the 
depth of the phosphocline, which was approximately 40 meters deeper than the 
nitracline.   Hemiaulus and Rhizosolenia-Richelia cell concentrations at station 7 
were twice those counted at other gyre locations, primarily due to increased 
abundance at the surface.   Nitrogen fixation rates by small unicellular organisms 
at this station were similar to those measured at frontal stations rather than the 
much lower rates observed at gyre stations (Montoya et al., 2004).  The ROV 
deployment did not reach the depth of the anomalous deep peaks (~200 m) to 
determine if  Rhizosolenia mats (seen at the surface) were present at depth, 
although size fractionated extracted chlorophyll measurements indicated that cells 
>10 μm contributed 40% of the total at ~200 m. 
AOU profiles in the gyre followed a trend of saturation in the mixed layer, 
supersaturation from about 25 to 100 m, followed by a decrease at depth.   The 
depth of maximum supersaturation (46 ± 6 m) occurred at approximately the same 
depth as the upper POC maximum (46 ± 7 m).   Two instances of anomalous 
dissolved oxygen measurements were noted in the gyre.  The first, at station 7, 
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 has been previously discussed.  The second occurred during cast 5-4, the first of 
four rosette casts completed at station 5.  The cast captured reduced oxygen 
saturation that corresponded with a large spike in fluorescence and POC 
compared to the following cast (station 5-6, Fig. 3.12).  Differences in integrated 
dissolved oxygen (50 – 150 m) between the two casts translated to 540 mmol/m2 
of carbon respiration assuming a Redfield ratio.  Extracted chlorophyll did not 
account for the large observed fluorescence values, suggesting that the excess 
fluorescence may have been due to pheopigment degradation products.  Since the 
two casts were completed five hours and approximately one nautical mile apart, it 
is possible that different water masses were sampled.  Nevertheless, the 
distributions observed in cast 5-4 were quite unusual compared to others obtained 
in the gyre. 
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Figure 3.12. Vertical distributions of (A) fluorescence, (B) POC and (C) AOU 
for gyre casts 5-4 and 5-6 show the remarkable differences between data collected 
5 hours and 1 nautical mile apart.  Unusually high fluorescence, POC, and AOU 
observed from 60 m to 125 m during cast 5-4 data suggests a high level of 
respiration associated with collapse of a phytoplankton population.  Distributions 
of fluorescence, POC and AOU at station 5-6 were representative of those found 
at other gyre stations. 
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Dissolved oxygen in both south and north frontal stations displayed 
greater saturation near the surface compared with central gyre.  Deep water 
(>4,000 m) AOU values were measured at three stations, including one in the 
gyre, one north of the front, and one near the California Current.  AOU values 
mirrored POC values at these stations so that the highest deep-water AOU 
occurred at the same station as the highest POC values.  The overall trend 
indicated that the highest deep-water POC values occurred near the front and that 
the lowest were found in the gyre.  The values for the California Current station 
were intermediate between the two.   
3.5 Conclusions 
 The North Pacific Subtropical Front is difficult to identify during the 
summer without the use of in situ methods.  Thermal boundaries are indistinct and 
salinity cannot be determined remotely.  Physical properties change rapidly across 
the Subtropical Front, often producing a distinct change in sea surface texture that 
may be due to the presence of biologically-produced surface slicks.  This is 
provocative evidence that the frontal feature drives a biological response that can 
be observed by remote sensing methods such as sun glint observations, TOPEX 
radar altimeter anomalies, synthetic aperture radar (SAR), or QuikSCAT 
scatterometer data, however this has not as yet been demonstrated.   Due to 
subduction of cool, low salinity northern water into warmer, saltier southern gyre 
water, salinity distributions in the upper 300 m at northern front stations exhibit 
highly variable profiles.  Gyre stations exhibit seasonal and permanent 
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 pycnoclines, while southern front stations display a single pycnocline nearer the 
surface.   
Physical factors, including convergent currents and low wind velocity, 
favor the accumulation of debris, marine snow, and diatom assemblages over a 
large area near 30º N.   Anomalous chlorophyll blooms determined by satellite 
occur in this area during the late summer, although bloom compositions have not 
yet been determined.  In view of the persistence of blooms near 30° N, it is likely 
that the Subtropical Front plays a major role in bloom development. 
Elevated concentrations of Rhizosolenia and Hemiaulus species are found 
near the Subtropical Front during the summer.    Rhizosolenia and Hemiaulus 
species produce materials associated with marine snow that are likely to enhance 
export production by generating loci of flocculation.  These diatom species 
exhibit preferences for different regions of the front that have characteristic T-S 
regimes. Rhizosolenia species increased on the warm, southern side of the front, 
while Hemiaulus species exhibited a biomass maximum on the cooler, less saline 
side of the front. However, both species were present on both sides of the front. 
Hemiaulus abundance dropped drastically at cold, low salinity stations (i.e., 
northernmost and California Current stations).  Both Rhizosolenia and Hemiaulus 
species penetrated deeper in the water column south of the front, consistent with 
observed distributions of particulate organic carbon.   The measured nutrient 
ratios suggest N –limitation, and it is probable that input of nitrogen-fixation by 
diatom-diazotroph associations contributes to bloom formation.  Rich 
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 accumulations of detritus provide substrates for microbial degradation that 
accelerate recycling and enhance vertical transport.   
The Subtropical Front during the summer represents a region of increased 
biomass relative to the North Pacific Subtropical Gyre, although much of the 
biomass was not visible in ocean color measurements during our study.  Due to 
the patchy nature of near-front diatom distributions, the contribution of bloom 
events to overall trophic transfer is difficult to constrain.  However, primary 
productivity for this region is almost certainly significantly underestimated, 
particularly if it is based on ocean color data.  It is apparent that the frontal area 
maintains higher particulate organic carbon concentrations than the gyre and that 
these increases are maintained into deep water.  Episodic export of diatom 
biomass in this region may help explain some of the reported differences between 
benthic respiration and measured POC fluxes (Smith, 1987; Smith and Kaufmann, 
1999).  Overall, gyre and frontal regions displayed surprising variability in 
biogeochemical characteristics.  Caution should be exercised when extrapolating 
time series data from one station to the entire region.  Substantial differences exist 
between the time-series station at HOT and the NPSF.  However, the similarity in 
floristic composition, particularly the pulse of net-plankton biomass, suggests 
similar forcing functions.  The nature of these processes leading to net-plankton 
blooms of diatom-diazotroph symbioses remains unclear.  
 
 72
  
4 High-Resolution In Situ Analysis of Nitrate and Phosphate in the 
Oligotrophic Ocean 
Reproduced with permission from Environmental Science and Technology, 
submitted for publication. Unpublished work copyright [2007] American 
Chemical Society.   L. R. Adornato, E. A. Kaltenbacher, D. R. Greenhow, and R. 
H. Byrne, authors.   
4.1 Abstract 
Accurate, high-resolution profiles of nitrate and phosphate distributions in 
the open ocean are difficult to obtain using conventional techniques.  
Concentrations typically range from low nanomolar levels in the stratified 
euphotic zone to micromolar levels below the nutricline.  With multiple pumps, a 
heating cartridge, a long-pathlength cell, and multiwavelength spectrometer, the 
reconfigured Spectrophotometric Elemental Analysis System (SEAS) provides 
the capability to fully ascertain the distributions of nitrate and phosphate in the 
upper 200 m of the oligotrophic ocean.  By utilizing a 15 cm pathlength and 
multiple wavelength spectrophotometry, SEAS can detect nitrate concentrations 
from 2 nM to 20 μM and, with a 50 cm pathlength, can accurately measure 
phosphate concentrations from 1 nM to 1 μM.   SEAS is capable of collecting 
auxiliary data from up to four separate instruments, including a CTD, fluorometer, 
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 PAR sensor and a second SEAS instrument.  Sampling frequency depends on 
peripheral instrument selection and ranges from 0.4 to 0.75 Hz. 
4.2 Introduction 
Net primary productivity in oligotrophic waters is limited (sensu Liebig) 
by the first nutrient or property that falls below the level necessary to maintain 
growth.   Limiting factors may include light, nitrate, phosphate, silicate and iron 
(Abbott et al., 2000; Dugdale and Wilkerson, 1998; Falkowski, 1997; Letelier et 
al., 2004; Martin et al., 1991; Sanudo-Wilhelmy et al., 2001). 
Historically, nitrogen has been deemed to limit biomass in oligotrophic 
ocean waters, while phosphorus limitation has been reported in limnological 
systems (Hudson et al., 2000).  In recent years, however, it has been determined 
that phosphate limits phytoplankton growth in the Western Atlantic (Wu et al., 
2000) and that a shift to phosphate limitation, primarily due to an increase in 
diazotrophy, may be occurring in the North Pacific Subtropical Gyre (Karl et al., 
2001).  Monitoring such subtle changes proves important to understanding short 
and long-term ecosystem shifts since the historical record of nutrient levels and 
phytoplankton community structure is limited.    
 Nitrate and phosphate concentrations typically span up to five orders of 
magnitude in the stratified open ocean, from low nanomolar levels at the surface 
to micromolar levels at depth.  Standard techniques adequately determine elevated 
concentrations but, due to high detection limits, fail to detect low values in the 
euphotic zone.  A variety of methods have been developed to provide greater 
sensitivity.  These methods generally fall into two groups.  The first involves 
 74
 spectrophotometry, with techniques that include preconcentration, fluorescence 
detection, and long-pathlength spectrophotometry.  The other group utilizes 
techniques that require expensive, delicate equipment, which are not conducive to 
in situ measurements (Garside, 1982; Haberer and Brandes, 2003; Yang et al., 
2001).  Preconcentration can be accomplished through use of adsorbents 
(Medvetskii et al., 2003), co-precipitation (Karl and Tien, 1992; Rimmelin and 
Moutin, 2005), or organic solvents (Stephens, 1963).  Due to time and sample 
handling constraints, however, preconcentration techniques are generally 
restricted to bench top analyses.  Other methods suitable for highly sensitive 
freshwater analyses are not amenable to seawater samples.  Enzyme-coupling 
fluorescence detection of phosphate, for instance, suffers from sulfate interference 
at concentrations above 25 mM ([SO42-] = 28 mM at S = 35) and, in addition, 
utilizes expensive reagents (Vazquez et al., 2003).   
Long pathlength absorbance spectrophotometry (LPAS) uses standard 
spectrophotometric techniques but reduces detection limits by increasing the 
pathlength term in the Beer-Lambert equation, 
  Α = ε l c,    Equation 4.1 
where A is absorbance, ε is the wavelength-dependent molar absorptivity (M-1cm-
1), l is pathlength (cm), and c is concentration (M) (Byrne et al., 2000).  Long 
pathlengths are achieved through use of a flexible fluoropolymer material (AF-
2400, Dupont) with a refractive index (1.29) less than water and seawater (1.33, 
1.34).  In this case, light propagating through the waveguide at angles less than 
15° relative to the waveguide/water interface is totally internally reflected 
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 (Waterbury et al., 1997).  Long pathlength spectrophotometry has been 
successfully used to measure low nanomolar concentrations of nitrate (Type 1, 
AF-2400 tube LCW) (Yao et al., 1998) and phosphate (Type 2, AF-1600 coated 
quartz tube LCW) (Zhang and Chi, 2002).  However, due to inherent limits in 
linear dynamic range, LPAS measurements of high nutrient concentrations found 
below the base of the euphotic zone are problematic without resorting to dilution, 
or variation of pathlength. 
All of the aforementioned methods involve collection of discrete samples, 
usually via Niskin bottles secured on a rosette, and subsequent analysis on-board 
a research vessel or, more typically, in a lab onshore.  Profiles are limited by the 
number of bottles on the rosette, so that the quantity of data making up a profile is 
often insufficient to accurately determine analyte distributions.  Johnson et al. 
(2002) developed an in situ reagentless system capable of detecting nitrate with a 
1 Hz sampling frequency, but the detection limit of 1.5 μM for nitrate (0.2 μM for 
a 30 s average) is insufficient to address the low nanomolar concentrations often 
found in the stratified euphotic zones of the world oceans.  A recently described 
instrument, the Spectrophotometric Elemental Analysis System (SEAS), provides 
the sampling frequency necessary to obtain the detailed distribution of various 
analytes in the water column, and detection limits that allow measurements of 
nanomolar analyte concentrations in the upper water column  (Adornato et al., 
2005; Liu et al., 2006).  However, because SEAS had a maximum of two fluid 
lines, analytical methods were restricted to those using a single reagent. 
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 We describe here the newest version of SEAS (SEAS II) which includes 
multiple fluid lines, a heater, a valve, improved graphical user interface (GUI) and 
software, and connectivity to four peripheral instruments.  SEAS II provides the 
means to perform in situ analyses of a wide variety of analytes and to permit 
comparison of results with concurrently collected environmental data.  Using 
multiple wavelength spectroscopy and a 15 cm waveguide, nitrate concentrations 
of 2 nM to 20 μM can be accurately determined.  A 50 cm waveguide and a 
heater cartridge permit detection of in situ phosphate at concentrations of 1 nM to 
1 μM.  We present here the first highly sensitive, spatially complete profiles of 
nitrate and phosphate concentrations obtained in the upper 200 m of the 
oligotrophic ocean.   
4.3 Experimental Section 
4.3.1 Apparatus.  
Developed at the Center for Ocean Technology in the College of Marine 
Science University of South Florida, SEAS II (Fig. 4.1A) represents a state-of-
the-art capability for in-situ colorimetric analyses.  Utilizing a long-pathlength 
(0.15 meters to 10 meters) optical cell, measurements with nanomolar resolution 
and accuracy are readily obtained.  The overall instrument measures 
approximately 7” in diameter by 50” long, is fabricated primarily in anodized 
aluminum, and is rated for in-situ measurements to depths of 1000 meters.  The 
standard battery pack made from nickel metal hydride (NiMH) batteries provides 
normal endurance of at least 8 hours of continuous operation.  When two battery 
packs are connected in parallel, the endurance is doubled.  In the following 
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 paragraphs, we describe electronic, fluidic and operational aspects of the 
instrument in more detail. 
C B 
A 
 
Figure 4.1. A. A 3D model of the SEAS II instrument.  Portions of the 
instrument’s protective housings have been removed to reveal inner components. 
B. The heater assembly used in SEAS II.  The components on the left end of 
the heater are the heating cartridge, temperature sensor and valve for evacuation.  
Fluid is pumped into the heater through tubing feedthroughs on the right end of 
the heater. 
C. A plastic cartridge holds the waveguide in place during deployments and 
prevents introduction of stray light into the spectrometer.  Light introduced 
through an optical sapphire interface into the aperture (shown in the center of the 
green component) propagates through a water-filled coiled waveguide and out 
through the second aperture.  Light passes through a second sapphire interface 
and into the spectrometer via an optical fiber.  An optional electronic connector 
(shown in the center of the pink component) permits the use of transverse 
illumination for fluorescence measurements. 
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As shown in Figure 4.1A, most of SEAS’ electronics are housed within 
one end of the instrument (a portion of the housing has been removed from the 
figure for clarity).  These electronics control all operational aspects of the 
instrument and include the light source and spectrometer.  A Motorola 
microcontroller executes the main control software and acts as the bridge between 
the various peripherals and subsections of the instrument.  Four serial (RS-232) 
connections are externally available for connection to commercial sensors such as 
CTDs, fluorometers, and PAR sensors.  These data are merged with spectral data 
from the Ocean Optics USB2000 spectrometer and are stored internally in 
FLASH memory with sufficient capacity to store 8000 measurements.  Each 
measurement includes: intensities at selected wavelengths; data from external 
peripherals; calculated results such as concentration or pH; time stamp, positional 
data; diagnostic values; and a brief description of the data set.  A user interface is 
provided to the instrument via either RS-232 or Ethernet connections.    The lamp 
(Avantes HR6000B) is mounted to the interior endcap of the electronic housing.  
This section of the instrument also contains the optical interfaces between the 
waveguide, lamp and spectrometer.  Common to each interface is a flat window 
made from sapphire providing separation between the fluid stream (and confined 
light) in the waveguide and components internal to the pressure housing.  
Sapphire was chosen because it is very hard (scratch resistant) and offers 
excellent transmission over a broad range of wavelengths.  For the input side to 
the waveguide, the lamp with an integral lens is positioned to focus light through 
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 the window into the waveguide.  A custom lens assembly was designed for the 
output side to collect light transmitted from the waveguide and direct it into the 
spectrometer. 
The middle section of the instrument is exposed to the environment and 
contains the fluidic systems.  This exposure is essential to equalize pressures in 
the fluid stream as the instrument descends.  Three pumps are mounted in the 
center section (Fig. 4.1A).  Each pump is individually packaged in a pressure 
housing to minimize loss in the event of a seal failure.  Two channels for tubing 
are provided with each pump to yield a total of 6 fluid streams for sample solution 
and reagents.  An on/off fluid valve can be installed for additional control in one 
fluid stream.  An optional heater cartridge (Fig. 4.1B) controls the temperature of 
the fluid stream to a maximum of 100° C.  Fluid to be heated is pumped through 
tubing wound around a copper core.  A resistive heating cartridge in the center of 
the copper core provides heat to the system, and a resistive temperature sensor 
monitors the core temperature and provides feedback to the control circuitry 
driving the heater.  The wound tubing and copper core are sealed within an 
evacuated aluminum housing. This feature minimizes convective and conductive 
heat losses.  Two versions of the heater were fabricated; one with stainless steel 
tubing and the other with Teflon tubing.  The Teflon version offers greater 
resistance to corrosive chemistries but limits operational depths to 200 meters.   
The final component in the fluid system is the optical cell.  SEAS II 
employs a liquid core waveguide (LCW AF-2400, 0.8 mm ID) for this purpose.  
The submerged waveguide has a numerical aperture of approximately 0.34.  Since 
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 the waveguide material is relatively flexible, it can be coiled to provide long 
pathlengths in a small volume.  A specialized cartridge and interface couplers 
were designed to facilitate rapid exchange of the LCW (the holder is shown in 
Figure 4.1C).  The LCW is securely held within positioners that engage sockets 
attached to the electronic housing, and properly position the ends of the LCW to 
interface the lamp and spectrometer optics through the sapphire windows.  A 
simple screw clamp is utilized to secure the LCW to the instrument framework.  
Spare cartridges are loaded with appropriate lengths of LCW and are easily 
exchanged between deployments. 
The instrument is operated through a custom user interface and allows 
either autonomous or manual direction.  The graphical user interface provides the 
means to control the instrument manually as well as to program it for unattended 
deployments.  All primary instrument functions: pump speed, lamp intensity, 
sampling rate and sampling mode are readily accessed.  This interface also 
provides displays for spectral data, calculated results (i.e. concentration values) 
and external peripherals (i.e. CTD, PAR).  There are a total of 28 primary 
directives for control of instrument functions.  These commands can be grouped 
into any user-specified sequence and are stored in a “method”.   A control-system 
editor is provided as part of the user interface to facilitate the generation of 
methods.  Prior to deployment, the user downloads the desired method to the 
instrument.  Upon power up, the instrument will sequentially execute all 
commands in the current method until termination by lack of further commands or 
power interruption.  Data presented in the following sections were gathered using 
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 methods optimized for measurements during vertical up and downcasts from a 
research vessel. 
4.3.2 Analysis of Nitrate.    
Certified standards of nitrate (1000 ppm in water, Certiprep) were 
purchased from Fisher and stored at 4°C.  Water (18.2 MΩ) was freshly obtained 
from a Milli-Q Gradient purification system prior to preparation of reagent and 
standard solutions.  Sulfanilamide (SAN), N-(1-naphthyl)ethylenediamine 
dihydrochloride (NED), and ammonium chloride/EDTA buffer solutions were 
prepared as described by Greenberg et al. (1985). A 5:1 combined 
sulfanilamide/NED solution was selected (Fig. 4.2) since it provided the highest 
absorbance for a single standard nitrate solution.  In addition, because the curve 
(Fig. 4.2) between the 4:1 and 6:1 ratios is essentially flat, small variations in the 
5:1 SAN/NED ratio produced during reagent preparation would not result in large 
variations in absorbance.  As discussed in Yao et al. (1998), the reagent blank 
measured at 543 nm (~ 0.03 absorbance units) was due primarily to background 
nitrate in buffer reagents.  The blank was determined by taking a reference 
spectrum of freshly obtained Milli-Q water (18.2 MΩ) and buffer solution 
following cadmium reduction, adding SAN/NED reagent, and measuring the 
apparent sample intensity.  To preclude nitrox gas contamination, buffer solutions 
were flushed with nitrogen, pumped into metal-coated reagent bags and stored at 
4°C immediately after preparation. 
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Figure 4.2. Absorbance measurements for a nitrate standard solution were 
conducted using a single buffer solution with a variety of sulfanilamide to NED 
ratios.  A combined solution ratio of 5:1 was selected as it provided the highest 
absorbance and the least variability with changes in mixing ratios. 
 
Reduction columns were prepared with approximately 6 g of cadmium 
granules (30-80 mesh) that were rinsed with 1 M HCl, DI water, 2% copper 
sulfate solution (several times until the blue color remained), then DI water.  The 
copperized granules were packed into a piece of Tygon tubing and stopped at 
each end with copper wool and reducing fittings.  The column was closed with 
loops of buffer-filled Tygon tubing and submerged in water when not in use. 
Profiles were obtained during a cruise on the R/V Suncoaster from 
November 13 -15, 2006 in the Gulf of Mexico.  A blue filter was placed between 
the lamp and sapphire interface to remove large differences in light intensity 
between the monitored wavelengths (Fig. 4.3A).  The SEAS instrument was 
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 connected to a CTD and a PAR sensor, powered on deck, and lowered to 30 
meters depth.  A two minute delay at the start of the deployment and a depth 
trigger to terminate the program at 1 meter depth on the upcast were included to 
avoid introduction of air into the reduction column.  After the waveguide was 
flushed with a mixture of ambient seawater and buffer, a reference spectrum was 
taken at nine wavelengths including a nonabsorbing wavelength (700 nm), which 
was monitored to remove any error induced by variations in lamp intensity.  The 
SAN/NED reagent pump was then activated to add reagent to the sample/buffer 
stream.  Concentration measurements commenced after six minutes to allow the 
reagent sufficient time to mix with the sample stream and reach the waveguide. 
The time elapsed between sample entry into the system and analysis in the LCW 
was 401 ± 9 s.  The instrument package was raised to 10 meters depth, lowered to 
200 meters at 5 meters per minute, held at 200 m for two minutes, raised to 10 m 
at 5 m/min and held at 10 m for 12 minutes.  When the instrument was retrieved, 
the data were uploaded and plotted against depth.  Calibrations were performed 
during and after sea trials using spiked surface seawater (S = 36) with a total of 
eight concentrations ranging from 50 nM to 20 μM plus an unspiked sample.  
Sample delay calculations and calibration slope adjustments were performed as 
described in Adornato et al. (2005).  
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Figure 4.3. A.  A schematic diagram of the nitrate procedure.  In addition to 
the sample and reagent pumps, a main pump is used to pull the combined solution 
through the system.  The cadmium column produces sufficient back-pressure that 
erratic flow rates can result if the main pump is not active. 
 
B. A schematic of the phosphate procedure.  The heating unit was placed in-line 
prior to reagent introduction to avoid corrosion of the stainless steel heater tubing 
by the highly acidic molybdate reagent solution. 
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 4.3.3 Analysis of Phosphate. 
Certified standards of phosphate (1000 ppm in water, Certiprep) were 
purchased from Fisher and stored at 4°C.  Water (18.2 MΩ) was freshly obtained 
from a Milli-Q Gradient purification system prior to preparation of reagent and 
standard solutions.  Reagents were prepared as described in Zhang and Chi 
(2002).  For field deployments, ascorbic acid/sodium dodecyl sulfate (SDS) 
solution was prepared fresh daily by dissolving pre-measured ascorbic acid into 
100 mL of sodium dodecyl sulfate solution that had been prepared previously in 
the laboratory.   
   Ammonium molybdate and ascorbic acid/SDS solutions were added 
sequentially to the sample stream (Fig. 4.3B).  The total reagent contribution to 
the overall sample stream was 19.7 ± 0.8% (n = 6).  Optimization of reagent to 
sample ratios was achieved by varying the reagent pump speed and measuring the 
apparent concentration of a phosphate standard solution.  Absorbance at 700 nm 
was monitored and sample concentration was calculated using a molar 
absorptivity of 17,000 M-1cm-1.  Initial tests revealed that when insufficient time 
was allowed for the reaction to proceed, calibrations were nonlinear.  Subsequent 
tests showed that complete or near complete reactions were required to produce 
linearity (Fig 4.4).  The calibration slope for the method, determined prior to and 
following sea trials, was 0.75 ± 0.01 (n = 5). Reagent blanks were on the order of 
0.015 absorbance units for freshly prepared molybdate solution and 0.036 for the 
same solution one month later.  Blanks were determined by taking a reference 
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 spectrum of freshly obtained Milli-Q water, adding the molybdate and ascorbic 
acid solutions, and taking a sample spectrum. 
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Figure 4.4. Calibration curves produced during the same experiment show the 
differences between the initial parabolic result (a), and the linear result when the 
reaction is permitted to proceed for an additional 105 seconds (b).   
 
During measurements at sea, the SEAS instrument was secured on a frame 
and connected to a CTD and a PAR sensor (August 2005 and August 2006).  
After a programmed two minute delay, the instrument was lowered to 30 meters 
for 12 minutes, allowed to flush with ambient seawater, and raised to 10 meters to 
begin the cast.  A reference spectrum was taken at 9 wavelengths, the reagent 
pump was activated, and sampling was initiated 690 s later. The delay between 
sample introduction in the system and entry in the waveguide was 473 ± 3 s.  The 
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 package was lowered at 5 m/minute to 200 meters, held for two minutes, and then 
raised to 10 meters at 5 m/minute where it was held for an additional 12 minutes.    
The phosphomolybdate complex absorbs across the visible spectrum 
(Murphy and Riley, 1962; Zhang et al., 2001), precluding the use of a non-
absorbing wavelength to remove changes in lamp intensity or microbubble-
induced light reduction in the waveguide.  Because the instrument is lowered to 
30 meters and allowed to flush with seawater prior to the start of the cast, 
microbubble interference in situ is rarely observed.  However, care must be taken 
during laboratory measurements at atmospheric pressure since introduction of 
microbubbles in the waveguide between the reference and sample spectra can 
result in elevated baseline measurements.   
4.3.4 Analysis of Nitrite.   
Nitrite measurements were conducted as described in Adornato et al. (2005) 
with slight modifications due to the change in instrument configuration from 
SEAS I to SEAS II.  A pathlength of 106 cm was selected to provide the 
sensitivity necessary to measure low nanomolar concentrations typical of nitrite 
distributions found in the Gulf of Mexico.  The detection limit defined at the 95% 
confidence level was 0.35 nM (n = 30) and the calibration slope, determined 
during and following the cruise, was 0.74 ± 0.01 (n = 5).  The lower detection 
limit relative to that described in Adornato et al. (2005) is due primarily to 
improvements in pump performance.  The nitrite SEAS was connected to a CTD 
and fluorometer and deployed in the same manner as the phosphate and nitrate 
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 instruments.  Nitrite measurements were performed in August and November, 
2006. 
4.4 Results and Discussion 
4.4.1 Nitrate Measurements.   
Due to the wide range of concentrations found in the upper 250 meters of 
the oligotrophic open ocean, development of protocols for accurate in situ 
spectrophotometric measurements was challenging.  Beer Lambert linearity at a 
single wavelength is typically maintained for absorbance values up to 1 to 2; 
depending on the quality of the spectrometer.  Sample dilution permits reduction 
of absorbance caused by the high analyte concentrations found below the 
nutricline, but is impractical for continuous flow in situ analysis. 
As an alternative method, multiple wavelengths may be monitored, each 
with a known molar absorptivity relative to the absorbance maximum (Philo, 
1990; Steimle et al., 2002).  The azo dye formed in the Griess reaction exhibits 
maximum absorbance at wavelengths ca. 541 - 543 nm (Fig. 4.5A).  Calculation 
of off-peak molar absorptivities can be accomplished by linear regression of a 
series of concentration/absorbance measurements (Fig. 4.5B).   Because the molar 
absorptivity at 600 nm is approximately one order of magnitude lower than that at 
541 nm, it is possible to increase the linear dynamic range of the system by 
monitoring both wavelengths concurrently.  Intermediate wavelengths can be 
monitored for increased accuracy. 
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Figure 4.5. A.  Normalized spectrum of the azo dye produced in both the 
nitrate and nitrite chemistries shows relative absorbance as a function of 
wavelength. 
B.  Molar absorptivities calculated for 541 nm (blue), 575 nm (red), 590 nm 
(green), 595 nm (orange), and 600 nm (purple) using an HP 8453 diode array 
spectrometer. 
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 Selection of pathlength depends largely on the range of concentrations 
anticipated.  Low nanomolar concentrations found in the euphotic zone 
necessitate a pathlength of 1 meter or more, but measurements that extend below 
the nitracline require a pathlength that provides a compromise between the 
highest sensitivity and the widest linear dynamic range.  A pathlength of 15 cm 
proved best suited for measurements that ranged from 2 nM – 20 μM. 
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Figure 4.6. Nitrate profile obtained in the Gulf of Mexico on November 14, 
2006, 10:26 a.m. (27°21.237 N, 84°50.510 W) constructed from multiple 
wavelength (543 nm [blue], 575 nm [red], 590 nm [green], and 600 nm [purple]) 
absorbance spectroscopy corresponds well with discrete samples collected two 
hours later (black).   
 
Profiles were constructed using four wavelengths (543 nm, 575 nm, 590 
nm, and 600 nm) (Fig. 4.6).   The detection limits, defined at the 95% confidence 
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 level as three times the standard deviation of the blank, were 2 nM (543 nm), 3 
nM (575 m), 5 nM (590 nm) and 15 nM (600 nm) (n = 30) (Skoog et al., 1998).  
Each concentration segment of the profile fell well within the range of linearity at 
the corresponding wavelength.  Bottle samples collected using the ship’s rosette 
within two hours of the SEAS cast were allowed to reach room temperature and 
then analyzed on deck at the same flow rates that were used for in situ and 
calibration measurements.  Nydahl (1976) reported that nitrate to nitrite reduction 
was complete over a range of 10 – 30ºC as long as the flow rate through the 
cadmium column was sufficiently slow.  Comparison of in situ and bottle results 
showed good agreement without systematic bias (Fig. 4.6).  Of course, some 
differences were expected owing to changes in water column hydrology between 
the two casts.  Deployments in colder waters (<10 ºC) will require the use of a 
heating cartridge to maintain reaction kinetics. 
4.4.2 Nitrite Measurements.   
Concurrent nitrate and nitrite profiles showed the close correlation 
observed between the two parameters (Fig. 4.7).  The nitrite inflection was 
observed to occur at the same depth or just below the nitrate inflection in 
oligotrophic waters, similar to prior observations in the Gulf of Mexico (French et 
al., 1983).  Tight coupling of the two parameters has also been reported for the 
North Pacific Subtropical Gyre, with an average vertical distance between the 
nitracline and the nitrite maximum of 10 meters (Dore and Karl, 1996a) which 
was also observed in this study.   
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Figure 4.7. Nitrate and nitrite profiles collected concurrently show the tight 
coupling observed between the nitracline and nitrite inflection (27°25.901 N, 
84°59.482 W, November 15, 2006, 3:53 a.m.). 
 
4.4.3 Phosphate Measurements.    
Preliminary in situ phosphate measurements conducted aboard the R/V 
Suncoaster in August 2005 indicated low nanomolar concentrations in the 
euphotic zone, an increase at the nutricline, and a second, much larger increase at 
depth.  The large increase at depth did not correspond to the observed profiles of 
any other nutrient.  It was determined that light transmission at depth fell to 
essentially zero for all monitored wavelengths and that light transmission was 
restored when the instrument returned to the same depth on the upcast.  The 
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 attenuation occurred at approximately the same depth on every cast during the 
research cruise. 
 Initial investigations focused on a possible silicate interference since the 
blue silicomolybdate complex is similar to that formed in the phosphate reaction.  
Using the same operational configuration and flow rates that were employed for 
in situ measurements, tests in the laboratory showed that 100 μM silicate did not 
interfere with measurements of a 1 μM phosphate solution.  Because the kinetics 
of the silicate reaction is much slower than that for phosphate, the elapsed time 
between reagent introduction and phosphate analysis was insufficient for 
formation of the silicomolybdate complex. 
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Figure 4.8. Intensity at 700 nm plotted as a function of temperature shows the 
rapid signal attenuation that occurs at the 16.2°C isotherm.  Data were collected 
August 4, 2005, 6:40 a.m. (27°19.333 N, 84°50.806 W). 
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 Examination of the cruise data indicated that strong light attenuation 
occurred whenever the in situ temperature was 16.2° C (Fig. 4.8).  While 
investigating SDS as a possible shark repellent, Sisneros and Nelson (2001) 
observed precipitation in seawater at temperatures below 17° C.   SEAS 
phosphate profiles obtained using reduced surfactant concentrations produced 
erratic results, probably due to small quantities of precipitate passing through the 
waveguide.   
Introduction of a heating unit between the sample intake and the reagent 
introduction port was tested as a possible remedy for surfactant precipitation.  
Since silicate interference can occur at elevated temperatures, it was deemed 
advisable to use the lowest possible temperature that would result in a stable 
signal, maintain reaction kinetics, and prevent reagent precipitation.  A 
temperature of 30°C was found to satisfy these requirements.   
Phosphate profiles were obtained aboard the R/V Suncoaster on August 7 
– 11, 2006.  Bottle samples obtained from the ship’s rosette were analyzed using 
the in situ method except that the samples were permitted to reach room 
temperature prior to analysis and run with the heater turned off.  The 
concentrations determined using discrete samples produced good correlation with 
in situ data (Fig. 4.9), indicating that the reaction kinetics were maintained in situ 
through use of the heating cartridge.  If more sensitive measurements are required 
in the upper euphotic zone, a somewhat longer pathlength can be utilized.  In this 
case, since arsenate produces a similar blue molybdate complex and can interfere 
when phosphate is present at low concentrations, a third reagent line can be added 
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 to introduce either sulfite or thiosulfate solution and reduce arsenate to the non-
reactive arsenite (Johnson, 1971; Linge and Oldham, 2001). 
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Figure 4.9. Phosphate profile using a heater cartridge set at 30° C (27°22.777 
N, 84°50.628 W, August 10, 2006, 12:38 a.m.) compares well with bottle samples 
collected from the ship’s rosette.   
 
Another difficulty often faced when analyzing phosphate is coating of 
optical surfaces over time by the phosphomolybdate product (Zhang et al., 2001).   
This is due to the adsorption of the highly charged Keggin type anion 
[PSb2Mo10O403- , (oxidized) (Going and Eisenreich, 1974), or HxPSb2Mo10O403-, 
(reduced) where x = 2, 4 or 6 (Sadakane and Steckhan, 1998)] on the quartz or 
fused silica walls of standard cuvettes and flow cells.  Both quartz and silica 
surfaces are prone to surface silanol formation when exposed to aqueous 
solutions.  In contrast, the Type 1 LCW used in this work has a hydrophobic 
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 surface (Arcella et al., 2003), and the sapphire optical windows do not tend to 
form silanol surface groups (Maw et al., 2002).  No signal degradation was 
observed during the course of phosphate analysis using the Type 1 LCW in this 
work. 
Because turbid samples cause light attenuation in spectrophotometric 
systems, analyses of coastal and estuarine waters require the use of in-line filters.  
While testing SEAS in an estuarine environment, initial phosphate measurements 
using 0.4 μm filters produced good results without observable drift.  Future 
investigations will be conducted to determine the optimal conditions necessary to 
use the SEAS instrument in waters with reduced or variable optical clarity.  
During a month-long research cruise in the oligotrophic Pacific, SEAS 
measurements did not reveal signal attenuation due to particulate organic matter, 
which was highest in the upper 50 meters (Adornato et al., 2005). 
All continuous flow methods suffer from some degree of sample 
dispersion that can blur sharp concentration changes such as those found at the 
nutricline.  The extent of sample dispersion increases with the length of time that 
the sample spends in contact with tubing walls; an issue that is more likely to 
affect phosphate and nitrate analyses than methods with faster kinetics.  Sample 
carry-over can be substantially mitigated by slowing the rate of instrument 
descent or ascent in large concentration gradients.  Future work will include real-
time communication with SEAS II, allowing users to reduce ascent/descent rates 
in response to distributions and gradients of particular interest.
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 Appendix A: Analytical Procedures - Nitrite 
Instrument Configuration:  The SEAS II instrument is capable of 
pumping six separate sample/reagent lines, using three pump heads.  The speed of 
each pump can be programmed, so that the flow in each of the pump’s two lines 
can be differentially controlled by varying the diameter of the tubing.  For nitrite, 
the second (reagent) pump is configured for addition of color reagent, using 
gray/gray three-stop tubing.  The reagent flows to a “Y” connector fitted with a 
flow check valve, which prevents sample from backing up the reagent line when 
the reagent pump is off.  The reagent combines with sample in a mixing column 
and the resultant solution is then pumped through the first (main) pump, fitted 
with purple/black three-stop tubing, into the liquid core waveguide.  The pump 
ratios, using the aforementioned tubing, are optimized to produce the greatest 
color development with the least sample carryover.   The third pump can add a 
nitrite standard if the user wishes to calibrate the instrument in situ. 
 
Reagent Preparation
Sulfanilamide Solution: 2.5 g of sulfanilamide (>99%, Aldrich) is dissolved 
in a mixture of 25 mL concentrated (12 M) hydrochloric acid (Certified ACS 
Plus, Fisher Chemical) and 150 mL Milli-Q water (18.2 MΩ resistance).  The 
resultant solution is diluted to 250 nM with Milli-Q water. 
N(1-naphthyl)ethylenediamine, dihydrochloride (NED) Solution: 0.25 g of NED 
(>98%, Aldrich) is dissolved in 250 mL of Milli-Q water and stored in a brown  
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Refrigerated glass bottle (~4º C).  This solution is stable for up to two months. 
 
Formation of product: 
 Nitrite reacts first with sulfanilamide to form a diazotized intermediate, 
which subsequently reacts with NED to form the pink-colored azo product 
(Appendix Figure 1). 
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Appendix Figure 1  Reaction of nitrite with sulfanilamide in acidic medium to 
form an intermediate species which subsequently reacts with NED to form the azo 
dye product. 
 
Nitrite Variability
The vertical distribution of nitrite changes remarkably over a day/night cycle 
(Appendix Figure 2).   
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Appendix Figure 2  Nitrite undergoes dramatic changes over a diel cycle 
(November 15-16, 2005, 27º 23.738 W, 84º 50.238 W).  Depth is from 0 to 250 
meters and nitrite concentration is from 0 to 250 nM.  The color of the 
background indicates time of day, with the darkest at midnight and the lightest at 
noon.
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Appendix B: Analytical Procedures - Nitrate 
Instrument Configuration:  The instrument configuration for nitrate 
measurements is identical to that of nitrite, but with the following modifications.  
Orange-orange three-stop Pharmed tubing is placed in the upper slots of the main 
pump head to introduce buffer into the sample stream.  The tubing size was 
selected in order to maintain the appropriate mixing ratio with the sample.   The 
buffer line is connected to the sample line with a “Y” connector and a flow check 
valve is used to prevent sample from flowing into the buffer line.  The 
sample/buffer solution is then introduced into a copper coated cadmium column 
and thereafter connected to the color reagent line with a “Y” connector as detailed 
in the nitrite procedure.  The solution is pumped through the liquid core 
waveguide by the main pump and monitored spectrophotometrically as described 
above. 
Reagent Preparation 
Ammonium Chloride/EDTA Buffer:  Dissolve 6.5 g ammonium chloride 
(99.99%, Aldrich) and 0.85 g of ethylenediaminetetraacetic acid (EDTA, 99.99%, 
Aldrich) in 400 mL Milli-Q water.  Adjust the pH to 8.5 with concentrated 
ammonium hydroxide (99.99%, Aldrich), and dilute the resultant solution to 500 
mL with Milli-Q water.  This solution is stable for months, as long as it is not left 
open to the atmosphere. 
Copper Sulfate Solution: Dissolve 5.0 g copper sulfate pentahydrate (98+%, 
ACS Reagent, Aldrich) in 250 mL Milli-Q water.  This solution is stable for more 
than six months. 
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Formation of product: 
Nitrate is reduced to nitrite using a copper-coated cadmium column (Gal et al., 
2004), according to the following reaction: 
Cd + NO3- + 2H+ → NO2- + Cd2+ + H2O  Equation  B.1  
Nitrite formed then reacts with the Griess reagents as discussed for nitrite 
detection.  Reduction of oxygen by cadmium is much faster than reduction of 
nitrate and proceeds (Nydahl, 1976) as follows: 
Cd +½ O2 + 2H+ → Cd2+ + H2O  Equation B.2 
The effects of this are two-fold.  First, the amount of cadmium removed 
from the reduction column can, over time, adversely affect the cadmium surface 
area available for reaction.  Flushing the buffer solution with nitrogen gas reduces 
the dissolved oxygen content of the buffered sample solution.  Second, the pH of 
the solution adjacent to the cadmium metal increases.   An ammonium 
chloride/EDTA solution is used to buffer the pH during the reduction step.  The 
EDTA component is also used to prevent precipitation of cadmium and copper 
hydroxides that can occur at pH > 8.5 (Gal et al., 2004). 
  Cadmium ions primarily complex with chloride ions in seawater: 
CdCl+  36% 
CdCl2  45% 
CdCl3-  16% 
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The remaining 3% is free (Byrne, 2002; Turner).  In addition to the chloride 
complexes, the following equilibria may also occur in the presence of the 
ammonium chloride/EDTA buffer: 
 
Cd2+ + H-EDTA3- → Cd-EDTA2- + H+  Equation B.3 
Cd2+ + NH3 ↔ [Cd(NH3)]2+    Equation B.4 
[Cd(NH3)]2+ + NH3 ↔  [Cd(NH3)2]2+  Equation B.5 
 
Copper is primarily complexed with carbonate in seawater (Byrne, 2002), but can 
also complex with a number of other species including ammonia and EDTA.  The 
rates of copper and cadmium complexation with EDTA are slowed by the 
presence of calcium ions in seawater (Bruland, 1992; Hering and Morel, 1989), 
but it is uncertain whether the diminished reaction kinetics renders EDTA less 
effective as a precipitation prevention agent during nitrate reduction.  Calibrations 
conducted during and following the November 2006 cruise did not indicate any 
loss of reduction efficiency in the cadmium column through time (Appendix 
Figure 3). 
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Appendix Figure 3 Calibrations conducted during and after the November 
2006 cruise show maintenance of cadmium reductor efficiency. 
 118
  
Appendix C: Analytical Procedures – Phosphate 
Instrument Configuration: For phosphate analysis, the second pump is 
configured for sequential addition of each color reagent using green/green three-
stop tubing.  Each reagent solution flows to a “Y” connector and a flow check 
valve, which prevent sample from backing up the reagent line when the reagent 
pump is off.  Molybdate solution is introduced into the sample line and, 
immediately thereafter, ascorbic acid/SDS solution is introduced.   The color 
reagents combine with sample in a mixing column and the resultant solution is 
then pumped through the first (main) pump via green/green three-stop tubing, and 
thereafter into the liquid core waveguide.  The pump flow ratios, using the 
aforementioned tubing, are optimized to produce the greatest color development 
with the least sample carryover (Appendix Figure 4).    
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Appendix Figure 4  Optimization of reagent to sample ratios is accomplished by 
varying the reagent pump speed while the main pump speed is held constant (25 
rpm).   
 
Reagent Preparation 
Potassium Antimony Tartrate Solution: Dissolve 1.5 g of potassium 
antimony tartrate (99+%, Fisher) in 500 mL of Milli-Q water.  Store in a 
refrigerated brown HDPE plastic bottle (~4º C). 
Sulfuric Acid Solution (5 N):  Slowly add 70 mL of concentrated sulfuric 
acid to 400 mL Milli-Q water.  After the solution cools to room temperature, 
dilute the solution to 500 mL with Milli-Q water. 
Ammonium Molybdate Solution: Dissolve 2.3 g of ammonium molybdate in 
192 mL of 5 N sulfuric acid solution.  Add 50 mL of potassium antimony tartrate  
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solution and dilute the resultant solution to 1 L with Milli-Q water.  Store in a 
refrigerated MEK or HDPE plastic bottle. 
Ascorbic Acid Solution: Dissolve 0.5 g of ascorbic acid and 7 g of sodium 
dodecyl sulfate in 100 mL Milli-Q water.  This solution should be made daily. 
Formation of product: 
Phosphate reacts with the ammonium molybdate/potassium antimony tartrate 
solution to form a heteropoly acid, which is then reduced by ascorbic acid to form 
a blue colloidal product.  Although the balanced reaction proves difficult to 
determine, the stoichiometry of the product has been identified as PSb2Mo10O403- 
(Going and Eisenreich, 1974).  The product is an α-Keggin anion with the 
following structure (Barteau et al., 2006): 
 
Appendix Figure 5  The Keggin structure includes a phosphorus atom at the 
center surrounded by ten molybdate and two antimonate ions, each in an 
octahedral structure.  Spheres represent oxygen atoms.  Figure from Barteau et al. 
(Barteau et al., 2006).  
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Both the oxidized and the reduced (blue) forms maintain the Keggin structure.  At 
pH < 4, a multi-step, six electron reduction of the phosphomolybdate species 
occurs along with addition of six hydrogen ions, so the overall charge (-3) 
remains unchanged (Zhang et al., 2002).  While not necessary to product 
formation, the addition of antimony provides additional stability and results in a 
product with two absorbance maxima, one at 880 nm (ε = 20,000 M-1cm-1) and 
one at 710 nm (ε = 17,000 M-1cm-1) (Zhang et al., 2001).   This is desirable since 
the maximum at 710 nm falls within the range monitored by the Ocean Optics 
spectrometers used in the SEAS instruments.  Inclusion of the surfactant sodium 
dodecylsulfate (SDS) is necessary to prevent product adsorption on waveguide 
surfaces (Zhang and Chi, 2002). 
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Appendix D: SEAS Cruise Locations 
  
SEAS field tests were conducted at sites on the West Florida Shelf and at the 
shelf- break (Appendix Figure 6).  The August 2006 test station was located 
further west than the November 2006 cruise.  It became clear that the ship drift 
was substantially higher during the August cruise, with a current of over 1 knot 
(i.e. the ship drifted between 2.3 and 2.7 nautical miles during the course of a 
two-hour SEAS cast, 1 knot = 1 nautical mile/hour).  The ship returned to station 
at the conclusion of each cast.  As a result, the parcels of water sampled were 
different for each cast.  This effect becomes important when attempting to 
monitor diel changes in nutrient distributions. 
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Appendix D (Continued) 
 
 
Appendix Figure 6  Map of the West Florida Shelf with the locations of the 
August 2006 and November 2006 cruises marked with pin icons. 
 124
About the Author 
 
 
Lori Adornato earned her Bachelor of Arts degree in Chemistry from University 
of South Florida in 2000, where she received the Outstanding Undergraduate 
Teaching Award.  She subsequently entered the Ph.D. program in the Department 
of Chemistry at the University of South Florida in 2000 and accepted the 
Chemistry Graduate Student Entrance Award. In 2002, she transferred to the 
Ph.D. program in the University of South Florida, College of Marine Science, to 
study high sensitivity nutrient analysis with Dr. Robert H. Byrne.  During her 
Marine Science Ph.D. studies, she received the Robert M. Garrels Fellowship and 
the William and Elsie Knight Fellowship.  She participated in eighteen research 
cruises for a total of 91 days at sea. 
 
